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ABSTRACT 

The fine structure of developing right atrial 
myocardium of the rat has been studied during the early 
postnatal period. Tannic acid has been used to enhance 
membrane contrast and act as an extracellular space marker. 
This procedure clearly delineated the sarcolemmal 
invaginations, caveolae and T-tubules, from the tubules of 
the SR. Sarcolemmal invaginations were rare until the middle 
of the second week postnatally. Then there was a rapid 
proliferation of caveolae to assume complex forms, with up 
to a dozen caveolae sharing the same opening to the cell 
surface. There was also a development of short, branching, 
convoluted tubular invaginations of the sarcolemma at this 
time. The T-tubules never achieved the abundance, or degree 
of complexity seen in mammalian ventricular myocardial 
cells. Dyadic couplings between cisternal elements of the SR 
and the sarcolemma (peripheral couplings) were seen to 
occur, fully differentiated, at all stages. These gradually 
increased in abundance during the first two postnatal weeks. 
A rapid increase in the numbers of peripheral couplings 
appeared to occur during the middle of the second postnatal 
week. Dyadic couplings between the SR and the sarcolemmal 
invaginations gradually increased over the second and third 
week of the postnatal period. The above results were 
confirmed using stereological techniques. Developmental 
changes in fine structure were discussed in relation to 


postnatal changes in surface to volume ratios and abundance 
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of myofibrillar protein. The results were also discussed in 
relation to the physiological changes known to occur during 


the early postnatal period. 
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T-tubule = Transverse Tubule 
TC = Terminal Cisternae 


TEM = Transmission Electron Microscope 


Vv = Volume Density 
nm = Nanometer 
um = Micrometer 
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I. INTRODUCTION 

Phemmos taist rniking=tanel sibructurale feat urenofectriated 
muscle cells seen in longitudinal section is the banding 
pattern of cross-striations formed by the protein filaments 
that comprise the contractile apparatus. These filaments 
often £111 60% of the cell's sarcoplasm. There are two major 
myofilaments. Thick ones, approximately 12-15 nm in diameter 
endrwe. 3-\e.'5: um chongrand: thine Ones. 5-60.nm tins diametersa:that 
are approximately 1.0 um in length. The myofilaments are 
Oriented parallel to the long axis of the cell. When seen in 
cross-section each thick filament is surrounded by a number 
of thin filaments. In cardiac muscle there are twice as many 
thin filaments and each thick filament appears to be 
Surrounded by 6 thin filaments in a hexagonal pattern. The 
banding patterns seen in electron micrographs are caused by 
the regular arrangement of the myofilaments into repeating 
units called sarcomeres. There are alternating, lighter 
Staining I-bands and more darkly stained A-bands. In the 
middle of the I-band is a dense transverse line, the Z-line. 
Each sarcomere runs from Z-line to Z-line. In the middle of 
the A-band there is usually a lighter H-band. The I-band is 
a region where there are only thin filaments, the darker 
A-band contains thick filaments as well as thin ones. The 
Z-lines represent a site of junction between the thin 
filaments of adjacent sarcomeres and are strengthened by 
intermediate filaments, approximately 10 nm in diameter. The 


H-band, a lighter central region in the A-band is a region 
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where thin and thick filaments do not overlap. The 
myofilaments are collected into cylindrical bundles of 
approximately 1 to 2 um in diameter, called myofibrils 
CnS6). 

Each thick filament is composed of large numbers of 
molecules of the protein myosin bundled together ina 
regular manner. The individual myosin molecules are composed 
of two lighter meromyosin chains and two heavier meromyosin 
chains wrapped in a helical fashion. The light chains are 
woven together to form the backbone of the thick filaments. 
The heavy chains project out from the thick filament at 
periodic intervals of 143 nm. The myosin subunits are 
arranged so that the projecting heavy chains make an angle 
of 60° with each adjacent projection when viewed in’ cross- 
section. Thus the heavy myosin chains spiral radially around 
the thick filament in a regular, periodic manner. The heavy 
meromyosin chains terminate in a globular head that contains 
ATPase which can interact with active sites on the thin 
filament during the contractile process (155). 

Each thin filament is comprised of several forms of the 
protein actin as well as the proteins tropomyosin and 
troponin. Globular actin subunits (G-actin) are polymerized 
to form thin filaments of F-actin. Two strands of F-actin 
are wrapped helically to form the backbone of the thin 
filament. Very thin strands of tropomyosin lie end to end in 
the grooves of the helix formed by the F-actin strands. At 


the points of discontinuity between tropomyosin strands, 
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globular troponin molecules are complexed with globular 
memecubes toh C=actin and Isachin ltoeformathe iact iveasiites. 
Thesl-actin rs oriented ‘to block saccess*to the active site. 
ietGcdaetriebundsew ith jGa2* cdur ing tthe Jac tivationdof 
contraction and this then causes a change in the tertiary 
Structure of the I-actin. The active site is now exposed and 
reacts with the ATPase of the head of the heavy myosin 
chains providing the energy for contraction (155). 

There are isomeric forms of all the contractile 
proteins which have slightly different physiological, 
biochemical and biomechanical properties. Thus some of the 
different contractile properties that have been reported to 
exist between atrial and ventricular cells and between 
fetal, neonatal and adult muscle cells can be explained on 
the basis of the change from fetal to adult isomeric forms 


emecheec ont ractidie ‘proteins (1571258). 


Striated muscle cells possess two morphologically and 
functionally distinct types of intracellular tubules which 
are involved in the activation and co-ordination of the 
contractile apparatus. These are the T-system and the 
SaArcoplasmic reticulum (SR). It now is generally accepted 
that the T-system consists of a network of tubules 
invaginated from the surface membrane (SL). The SR is 
considered to be a modified form of endoplasmic reticulum, 
pecubiar ito musclescellsr(t, 2137032; 58,059, 0607 77,0125; 
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There are specialized junctions where the membranes of 
the T-system and the SR lie in close apposition separated by 
a gap of 20 nm. In transmission electron microscope (TEM) 
preparations dense projections with a 30 nm periodicity are 
seen to bridge the gap. These junctional regions are called 
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Several recent review articles have dealt at length 
with the complex mechanisms underlying the activation of the 
contractile apparatus in cardiac muscle cells (1, 2, 12, 28, 
Bee /4e42, 487484299 ,0100).' Briefly) atwicr nowd feltdithat 
each muscle cell 1s activated by a depolarization of the 
Sarcolemma. The ensuing action potential (AP) is passed to 
the interior of the cell along the tubules of the T-system. 
Although the mechanisms are unclear, it is thought that a 
message is passed from the T-tubules to the SR at the 
couplings. This results in the release of Ca’* which has 
been sequestered in the lumen of the SR. The released Ca’* 
interacts with the myofibrillar proteins causing 
contraction. This whole process has come to be known as 


excitation-contraction (EC) coupling. 


The fine structure of the T-system has been well 
Studied in ventricular myocardial tissue. A classical study 
by Fawcett and McNutt (49) described the organelle as a 
network of relatively large diameter (150-200 nm) tubules 


that invaginated from the cell surface membrane at the level 
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of the Z-line. These large diameter tubules appear to 
contain glycoprotein continuous with the glycocalyx of the 
sarcolemma (65). Longitudinal connections were described and 
the authors suggested that these smaller diameter 
connections were quite numerous. Forssmann and Girardier 
(53) used horseradish peroxidase (HRP) as an extracellular 
marker to study the T-system of rat myocardium. They found 
that ventricular myocardial cells had a very extensive 
network with many relatively wide longitudinal branches 
connecting the transverse tubules. This was confirmed by 
Sperelakis, Forbes and Rubio (142) and Sommer and Waugh 
(140). Ayettey and Navaratnam (10) performed a very 
extensive study of the T-system in rat heart myocytes again 
uSing HRP as a tracer. In ventricular muscle they described 
several levels of branching. Primary tubules were those 
large diameter tubules that ran transversely at the Z-lines. 
Secondary tubules were of smaller diameter, but still ran 
transversely at the Z-lines and interconnected the primary 
tubules. Longitudinal branches were of slightly smaller 
diameter than the primary tubules and joined the primary 
PubUles S£fadjaceneOZ=linés. PALVtof thesetlevels of 
branching were seen to contain glycocalyx material but this 
was ™notra constant feattrév*Téertiary -branches*weresvery 
small and interconnected the longitudinal branches. Sommer 
and Johnson (139) summarized these studies and also reported 
on the three dimensional appearance of the T-system of 


cardiac muscle cells seen using high voltage electron 


con | | 
od Ssenqs eeivdes i» tote Sosprat) east -anil 

eds 26. a¢basuoylp SAt Holw syvouebeie> pievowge-: 
ina: bediysash “siew enditsa00>. SAWReey rienea ~ted) 


on gaat ade Sesroyppes- 


ty 
7 
0 
a 
iG 
4 
}— 
¥ 
f 
i 


terhust in bag acnemeagtoyt .euc aqui etrup a3" 
—+¥e — feseey scab i 2eseq- fe tbe ree tan 


" 54 east The a doe is c fy: rue * — 
. < S 

: ; oT? - * . — 
ries VenT smurestsatoyn 257 js tevers Be ' vOuge ot > 
| San ot (22 ga asona ae 
sy ecSnis IAs Yiay¥ - Asie — Sa . Sab ee | aa ial ad 
cadoneid Peiibesigte: shke ylovidedes yume wae 
vd Semvilnos 2Bv Hint .csLirditeeeteraies aig 
ficusW DAS WanmMoc oa (ie!) deu, tne 2ed297 
gis '@ Bemjostasq +0) wewteséven bia pene 
iP ow 


miawe ag: qoown J16sn Jeu ol asttves? Bas ig qhuce- 


sv ng aaah & 2\ 


sony oisy 2zoluduy yismutt . oriedanets + ahi nt ‘ 


iy 
(? 
m 
rt 
4 
~ 
7 
Ml 
’ 
“ 
z 
te 
ae. 
LS 
ud 
rm 
WJ 
sal 
Fi 
> 
‘e| 
. 
- 


fn % 2 ’ — 
-@antins ‘ad@ 36 yiseyeyossay: naz steity esftuduc iegae ay 
; : Pe ; 

ta2 $4132 3ua...4Siamecd: T6i Tene.46 A ind satan 2 


viewing sis Heaven she tA ORK Ter Day ted dal ik 
ial fem iat 1. anap) bay aden taciasueltt 
wramiiq siz. bantot bas esledos® eant a sad’ nc 
io elaves saat Ag ute ed sasaaek fe 

ait dud L[s5izsetam iczansce, nbpaaes of faa4 st9a4j 
{ISy 329" esHonsrdiyse! Eras? S2ud ae IHUSANOD = 30 
aeninse . ¢ettonesd ‘Lehibudicnbtes Bi4/ Sar penne 


besiege Gels one cavbida, etait as igipua: veers 
bi 


WS aistaye-P sid. 79) aan 


? We 


nodose! s), scan ‘pit e 


microscopy. This technique confirms the T-system to be a 
fairly irregular array of interconnected tubules of various 
Sizes oriented primarily in a transverse direction at the 
Z-lines with many longitudinal interconnections. Specialized 
junctions or couplings between cisternal elements of SR and 
the T-tubules were described by all of the above authors but 
Sommer and Johnson (138) specifically noted the great 
abundance in myocardial cells of junctions between SR and 
the cell surface sarcolemma. These authors defined internal 
couplings as those junctions between SR and T-tubules. 
Junctions between the SR and sarcolemmal membranes are 
called peripheral couplings. Forbes and Sperelakis (51) 
studied these structures in mouse myocardium. Couplings, 
whether peripheral (PC) or internal (IC) were seen to have a 
very Similar appearance. The element of the SR was apposed 
closely to the T-tubule or the sarcolemma (SL). The gap was 
consistently 20 nm and with the TEM dense projections called 
bridges or feet could be seen. In some preparations these 
feet appeared as two outer dense lines with a less dense 
Center andaan eer or oblique sections the feet were 
seen as electron dense circles with a less dense core. These 
dense bridges appeared to run completely across the gap and 
have a Seedy of approximately 30 nm. The presence of 
these feet as bridging particles in freeze fracture 
preparations is controversial. Rayns, Devine and Sutherland 
(118) reported seeing them but showed no examples while 


Shibata and Page (131) and Ashraf and Halverson (8) were not 


> sd o2 eapave-T S74 est. tape aupiadses alas a 


auciiay 26 esbudut. Aercenrovrsta) Ge Ferte sea 


wo 
o 
“4 
6% 
a 
dl 
; 
oy 
\s 
ie] 
d 
ay 
‘y 
y 
- 
W 
4 

t 


right &-as Thc eae 
hestisinaek .€fstsoeng7o:etc) ERP Rene. -yeen, 
Bane 26 etheatisis Lan uss neevfad 2onléques \4g, 
ea7 tf 4i4 a beclitcesS acéy 
ain ers ast . | eee et 2 ($E)) qoeegep 
ine se. Geertad. ae , ¢ sLisd QRibssoori aes 
eh teon bahiiar erties, ever’ .62qne cate a>63 tom 
jeu ons Fe. NeS¥ a ct ie Nut seus Oey 2 
640mSm intim@sloso.s: See pe en) peewee > 
+). eed $120 2°0Rs 24cta% enantio « Leten 43 
Spriiquod .mribssseyt seccorr Mee soa seadt 
wea ai Wace 2s (7! lé an? top (96) ies cease: 


- ‘ " oe be i he > z_ 
Jaw gan Sit, is) aiebootsee 203: SG Co a ot om 
Seal tep Sno rs3 caso oe : Atew Ses: ian ac <i 


i 
Pw 
ib 
& 
-« 
wu 
if 
ih 
i 
hi 
es 
+4 
‘J 
» 
“ 
iy 
oe 
"> 
> 
r 
4a 
7 
g 
a a 
- 
~ 
io 
vi 
“f 
~~ 
= 
ow 


s2snT *.5105 Seceh seo N #45 portale) a2 ise re 
Gué gee at2- adoiss. yistelare> nis Csi esqae @ eb 
to ‘sonetang: sat “ma de “ia peeixesgee pa gv ipibokvem 
s1bt5233 assert. fir “eol ato tea: ‘Badphsaa bre 
Somat Aye ine. SAiVEC, ,eqvsit shepaadernes at scat 
Ol lw” éafomnss, opr SS warts 24 2 
Jon saw. 18) nostevidh'fns jeiden-bae Chet) epee bein i 


able to locate junctional specializations in freeze fracture 
preparations of the myocardial sarcolemma. Forbes and 
Sperelakis (58) suggested that all the couplings (IC and PC) 
have a similar TEM appearance, consisting of flattened 
cisternae of SR filled with moderately electron dense 
granular material. The feet seem to be a feature of the SR 
membrane. SR membranes containing the feet have been defined 
as junctional SR (jSR). Elements of jSR which are not in 
apposition to T-tubule or SL membranes and are thus not 
involved in the formation of couplings are a relatively 
common occurence in cardiac muscle. The nonjunctional SR is 
called longitudinal or 1SR. The ICs ,of ventricular 
myocardial cells show a certain amount of variability in 
Organization. Some are seen to be true triads with a 
T-tubule interposed between two cisternal expansions of JSR. 
More often aoe arrangement is in the form of a dyad with 
cisternae of jSR wrapping around the T-tubule. Occasionally 
reversed triads are seen with one jSR element sharing two 
T=tubules. There is much less variation in the fine 
structural appearance of the PCs which generally consist of 


flattened subsarcolemmal cisternae of jSR (51, 138, 139). 


The T-system is the most striking of the membrane 
Specializations of myocardial sarcolemma but McNutt (97), 
and Gabella (63) reported on another form of membrane 
invagination that warrants consideration. These consist of 


small vesicles each approximately 80 nm in diameter, 
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connected to the extracellular space (ECS) by a short, 
Narrow neck. Originally these were thought to be 
micropinocytotic vesicles but tracer studies have shown that 
the vesicles are a permanent feature of the SL and these 
structures are now called caveolae. Often more than one 
caveola opens into a single neck. 

It has yet to be determined what specific functions 
caveolae serve but it has been suggested that they may act 
as a reservoir for SL membranes (34). Alternatively, the 
caveolae may act as analogs of the T-system in cells of 
small diameter such as non-mammalian cardiac muscle cells, 
mammalian atrial muscle cells and smooth muscle cells (32, 
63, 139). Caveolae do greatly increase the surface area of 


the SL membrane (63, 89, 95). 


Most descriptions of the fine structure of mammalian 
myocardium note differences between ventricular and atrial 
Cells yOu 6 M29, 25389 6C7YNIOHT EHC SBP S9SSe 13090139) RectriaL 
cells are much smaller with average diameters of 5-6 um 
compared to 12-15 wm for ventricular cells. Contractile 
proteins of atrial cells are less abundant and are less 
well-ordered into myofibrils. This leaves more clear 
cytoplasm, generally towards the central portions of the 
cell in the perinuclear region. The sarcoplasm contains more 
glycogen. A better developed Golgi apparatus is also 
present. One striking feature is the presence of electron 


dense specific granules. The precise contents of the 
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granules and their function is not completely understood but 
Bheyvarehnow?thoughtitorcontainsglycoprotein! (205u215hi120, 
fete 1517 4525ri53)e0The SRoiselesseabundanttandeléssnwell 
Organized in atrial cells. Many authors report that the 
T-system is scarce or absent in these cells and, therefore, 
besmane rane (27,053) 67, °98}.0139) beSéveraldstudiesdsuggest 
that there may be different populations of atrial cells some 
mueheand some without a T-system (9, 16, 41, 74, 94, 98; 
139). Recent studies using tracers have shown that many 
atrial cells do contain tubular invaginations of the 


‘sarcolemma and that ICs are not as rare as was thought 


previously (10, 16, 87). 


In summary, atrial myocardium can be seen to consist of 
Small diameter cells. The myofibrillar material is abundant 
but does not completely fill each cell. Myofibrils are often 
Best puctedreotthetperiipheral lportronssof thescelis. The SR 
and T-tubules are less abundant and less well-organized, and 
there are relatively more peripheral couplings in comparison 
to ventriculanecells.aThesesfineystructtralediitenences are 
reflected in differences in the physiological processes 
which underly EC coupling in the two types of cardiac muscle 
cell. During electrophysiological recording of the events 
which take place during the depolarization of the sarcolemma 
in ventricular cells the action potential (AP) is seen to 
consist of a rapid upstroke, reflecting changes in K* 


permeability. This is followed by a long plateau caused 
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primarily by the entry of Ca?* through slow channels. In 
atrium the AP is shorter and has almost no plateau, thus 
less Ca’* enters through slow channels from the ECS and the 
duration of the contraction is not as long. The latency to 
contraction is much shorter, the velocity of shortening is 
quicker, but the maximum contractile force developed is 


lower. 


The definitive work on the morphology of the developing 
T-system has been performed using skeletal muscle. Ezerman 
and Ishikawa (43) investigated the differentiation of 
Sarcoplasmic reticulum and T-system in cultured muscle cells 
from 11 day chick embryos. The SR in the early myotube was 
seen as distended vesicles of rough endoplasmic reticulum 
(RER). As the myofibrils increased the RER vesicles formed 
multiple, narrow, smooth surfaced tubular projections in 
various directions. The tubules grew and branched, 
interconnecting around the developing myofibrils until there 
was an elaborate network continuous with the RER vesicles. 

The arrangement and distribution of the T-tubules in 
the early stages ee irregular. They appeared first as 
invaginations of the sarcolemma and later extend farther 
into the myotubes. The surfaces of the T-tubules were curved 
and beaded, they entered radially and often turned obliquely 
or longitudinally; often the tubules were very tortuous near 


the sarcolemma. 
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In the earliest stages of development there was no 
particular relation of the T-system to the SR. However, soon 
after differentiation of the T-tubules, dilated SR 
resembling terminal cisternae became associated with 
elements of the T-system in a seemingly random manner, with 
no relationship to the developing myofibrils. At first this 
junction between T-tubules and SR was just apposition of the 
membranes 10-12 nm apart. Later, dense structures (bridges) 
Started appearing in the gap. In the later stages of 
development the triads were seen to be localized in the 
I-band near the A-I junction. Ishikawa (72) continued the 
investigation of the development of the T-system in cultured 
chick muscle. He described elaborate membrane systems which 
at higher magnifications appeared to consist of tubular 
units with a diameter of approximately 55 nm, ina roughly 
hexagonal array. This tubular network had a well-defined 
limiting memebrane and a clear lumen which was accessible to 
ferritin. T-tubules were seen to be continuous with this 
elaborate structure. Ishikawa (72) noted that in developing 
myotubes there were many inpocketings of the sarcolemma 
which resembled caveolae. These caveolae were often seen to 
communicate with each other to form multilobed structures. 
All of these vesicles were accessible to ferritin 
infiltration. The dimensions of the elaborate hexagonal 
intracellular arrays were similar to caveolae. Ishikawa (72) 
Suggested that the T-system developed by repeated 


caveolation at the cell membrane.He suggested that the 
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membranous structures seen inside the developing cell were 
proliferations of the T-system formed by caveolation of the 
T-tubules. This, possibly due to a rapid and unbalanced 
growth of the T-system in tissue culture. This mechanism 
seemed to be somewhat inadequately explained. The author 
appeared to be suggesting that the caveolae were budding off 
at the sarcolemma and stringing together. On the basis of 
current thinking as to the processes of dé novo membrane 
Synthesis, this would seem unlikely (160). Presumably 
caveolae formed as membraneous vesicles at the Golgi 
apparatus and migrated to the cell surface. Unless T-tubule 
formation 1s haphazard, a very complicated recognition 
process which causes some caveolae to string together ina 
regular manner must be postulated. 

Although Chacko (24) reported that the T-system and SR 
Started to appear in 11-day rat embryos, most authors seem 
to agree that neonatal rat muscle had little or no T-system 
OreSReeSignificant iquantities ofpthesesorganelles only began 
berappeana 8-0mdaysepostnatallyp(s5, 169/970%.739rid0;e1l3, 
(25591308 169hed42).tIn wivoastudiessby /Schiatfinosand 
Margreth (125) and Kelly (77) on developing rat skeletal 
muscle found that SR was seen much earlier than the 
T-system. It was continuous with RER at very early stages 
which confirmed in vitro findings. There were no T-tubules 
before 10 days postnatally but frequent peripheral couplings 
between the sarcolemma and SR were seen. Even at this early 


Stage the myofibrils were beginning to form the regular 
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banding patterns typical of adult muscle fibers. Ten to 
fifteen days postnatally T-tubules started to develop at the 
sarcolemma as short, beaded, branching tubules. Caveolae and 
complexes of caveolae were often seen to be continuous with 
developing tubules. At this stage the T-tubules were 
oriented obliquely or longitudinally and all couplings with 
the SR were peripheral (77, 125). Later in development the 
T-tubules became more transverse, true triads began to 
appear and peripheral couplings became scarce. In the adult 
Skeletal muscle cell peripheral couplings were not seen. 
Kelly (77) noted two important differences between the jn 
Vivo studies and the cultured cells of Ishikawa (72). 
Ishikawa saw no peripheral couplings and the T-system was 
seen to develop at a very early stage, even before there was 
much myofibrillar development. 

Edge (35) studied the in vivo development of triads in 
skeletal muscle cells. She confirmed that they formed at the 
surface of the cell as simple apposition of SR and 
Sarcolemmal membranes with a gap of 10-15 nm. Periodic 
densities formed in the-gaptat iarslightly later stage icThe 
T-system appeared several days after birth as inpocketings 
of the SL with many branchings budding off in many 
directions. The tubules of the T-system and the SR formed 
close associations and couplings were developed soon after 
the T-tubules began to differentiate. During the first two 
postnatal weeks the triads were oriented longitudinally and 


still lay in the sarcoplasm relatively close to the SL. The 
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triads became transversely oriented between 10-15 days 
postnatally and were then found at A-I junctions. Peripheral 
couplings disappeared while this was occuring. Schiaffino et 
al. (126) wished to show that the differences in the 
development of cultured muscle cells and in vivo muscle 
cells were not attributible to species differences. Ishikawa 
(72) had used chicken skeletal muscle cells while Schiaffino 
and Margreth (125) and Kelly (77) had studied rat skeletal 
muscle. Schiaffino et a] (126) confirmed that with rat 
embryonic muscle in tissue culture T-tubules developed very 
early, independently of SR. The T-system was deep into the 
cell before couplings started to arise. No peripheral 
couplings were seen between SR and sarcolemma. They also 
confirmed that, in vitro, elaborate membranous networks 
continuous with T-systems did occur. 

Ishikawa and Yamada (73) studied the differentiation of 
the SR and the T-system in mouse ventricular myocardium. 
They reported that at birth the SR was continuous with large 
amounts of RER. The SR remained poorly developed as late as 
ten days after birth. Many peripheral couplings were noted 
with dense bridges spanning the gap between the SR and the 
Sarcolemma. As the myofibrils became more highly developed 
the SR proliferated and surrounded them in the region of the 
I-band, and later extended into the A-band. At birth there 
was no T-system. Approximately five days postnatally slender 
T-tubules began to appear. In the early stages they were 


confined to the periphery and assumed beaded shapes. As in 
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skeletal muscle there was a proliferation of caveolae and 
extensions of caveolar complexes extended to the interior of 
the cell. There was much branching and many interconnections 
between developing T-tubules. At 15 days, large preferential 
channels (primary T-tubules) lined with basal lamina became 
prominent. Horseradish peroxidase infiltrated all the 
caveolar complexes and the branching tubules which were 
presumed to be T-tubules. Using freeze-fracture, Ishikawa 
and Yamada (73) showed caveolae preferentially grouped at 
the level of the I-band; slender tortuous T-tubules were 
seen continuous with the sarcolemma although the actual 
openings were difficult to distinguish from caveolae. The SR 
developed earlier than the T-tubules but proliferation 
occurred at the same time and coupling between the SR and 
T-system was seen at very early stages. In cardiac muscle 
peripheral couplings between the SR and the sarcolemma 
persisted in the adult. 

Moses and Kasten (104) studied the development of 
T-tubules in cultured cardiac myocytes taken from the 
ventricles of threevtosfournsday-old neonatal rats. No 
extensive T-system was seen but approximately 10% of the 
cells developed short tubular invaginations of the 
Sarcolemma two to three days after they were plated out. 
Morphogenesis was reported to be similar to that reported 
for in vivo cells but the tubules remained short and 


branching was minimal. 
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Mizuhara and Futaesako (101) introduced the use of 
tannic acid as a fixative combined with gluteraldehyde. They 
suggested that since tannic acid was known to precipitate 
proteins from solutions it should be an effective fixative 
agent when combined with aldehydes, producing crossbridges 
between the proteins. Simionescu and Simionescu (133, 134) 
Suggested that tannic acid acts as a mordant during 
fixation. They suggested that the tannic acid binds to 
osmium during fixatiogn and then binds particularly well to 
lead during the staining process. Several studies using this 
technique noted that it markedly enhanced contrast and 
definition of membranes. A useful byproduct of the 
procedures using tannic acid was noted by Bonilla (14) and 
Leeson (83, 84, 85). Tannic acid seemed to act as an 
extracellular-space marker and muscle tissue prepared using 
these procedures may have the T-system filled with very 
electron dense material. Leeson (83, 84, 85, 86) used this 
tracer effect to perform extensive studies on the morphology 
of the T-system in skeletal muscles and cardiac muscles of 


adult animals of several species. 


Despite the moderately large body of work performed to 
clarify the fine structure of the T-system in cardiac 
muscle, many questions remain unanswered. The reported 
Sparseness of the T-system of atrial cells has been 
questioned recently. T-tubules may be more abundant than was 


previously thought but have not been recognized because it 
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was difficult to see their connections to the sarcolemma and 
they were easily confused with tubular elements of the SR. 
The development of of the T-system in cardiac muscle had not 
been studied extensively. Those investigations that 
considered this topic were largely comparisons to skeletal 
muscle processes. The development of sarcolemmal membrane 
Specializations in atrial muscle cells had not been studied. 
Having developed a preparation technique using tannic acid 
that allowed clear visualization of the T-tubules and 
permitted absolute differentiation between the T-system and 
SR, it was decided to investigate the development of these 
structures in atrial muscle cells. It was also felt that the 
developmental process might be more easily followed in 
atrial cells as the contractile apparatus did not fill the 
cytoplasm to as great an extent and other structures would 


be more visible. 


The development of stereologic procedures has 
stimulated many quantitative morphological studies. Briefly, 
stereology consists of the prediction of the 
three-dimensional structures of tissue from information 
measured on the two dimensional representations of sections 
or micrographs. The techniques use mathematical formulae 
based on the laws of geometric probability to estimate 
various parameters such as volume density or surface density 
of particular fine structural entities (17, 39, 40, 96, 145, 


149). 
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There have been a number of morphometric studies that 
have estimated the volume density of various organelles in 
mammalian myocardium. Singh, White and Bloor (159) 
summarized those studies that have reported on the volume 
density of myofibrils, mitochondria, SR and T-tubules for 
ventricular tissue. Page (111) reviewed the quantitative 
ultrastructural work that chadedealt: with cardiac cell 
membranes. Specifically he summarized the studies that 
measured the surface density of the sarcolemma, T-system and 
SR membranes, and mitochondrial inner and outer membranes in 
ventricular myocardium. Levin and Page (89) estimated that 
the contribution of caveolae to the surface density of the 
Sarcolemma wasS approximately 20% in rabbit right ventricular 
papillary muscle. Page and Surdyk-Droske (115) investigated 
the distribution, surface density and membrane areas of 
couplings in ventricular tissue and reported that there were 
four to six times as many ICS as PCs. They estimated that as 
much as 50% of the T-system was involved in dyadic 
junctions. 

Several studies have reported on the quantitative 
morphology of adult atrial cells (7, 16, 56, 70). Volume 
density of myofibrils, mitochondria, SR and PCs have been 
Studied for different mammalian species. Generally volume 
density of myofibrils and PCs were comparable to the values 
obtained for ventricular myocardial tissue. Mitochondrial 
and SR volume density were found to be much lower than in 


ventricle. Bossen et a]. (16) reported that the volume 
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density of the T-system in atrium was approximately 10-20% 
lower than in ventricle and the value for right atrium was 
approximately half of that for the left atrium. Masson-Pevet 
et al (95) investigated the relative abundance of caveolae 
in atrial and ventricular cells. They reported that the 
contribution of caveolae to Sl surface area was 
approximately twice as much in atrium (56%), as in ventricle 
25%). 

Developing myocardial tissue has also been studied 
mSsingemorphometricetechniqueswt5;, 670317069) 120; 807 111, 
112, 114, 129, 130). Investigations of fetal heart tissue in 
rats showed that cellular contractile components were not 
abundant before birth and intracellular membranous 
components were very sparse. In quantitative morphological 
Studies of the postnatal development of ventricular 
myocardial tissue there is general agreement that cell 
diameters increased gradually and that as cells reached an 
average diameter of approximately 7 u a T-system began to 
develop This was reported to occur in rats at eight to ten 
days after birth and pac waa latesgsinecatssand rabbis 66a, 
629767.0ha139)4 As themcellfdrameters increased during 
postnatal development cell volume increased exponentially. 
Even after earand into consideration the contribution of the 
T-tubules, the surface to volume ratio of the cells began a 
gradual progressive decline to adult levels G7ikpebiae 114, 
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Volume density of the myofibrils and SR was relatively 
constant. As the cells increased in size the myofibrils and 
SR gradually increased in abundance and degree of 
Organization. Page and Buecker (112) investigated the 
development of dyadic couplings in the left ventricular 
cells of the rabbit. They found that the surface density of 
PCs gradually increased during the fetal period and achieved 
aduithievels shortly after birth. As* the  T-system began’ to 
develop ten days after birth, ICs became numerous. By the 
fourteenth postnatal day ICs were four to five times as 
abundant as PCs. This ratio was maintained to adulthood. 

Morphometric studies on developing atrial myocardium 
are not numerous. Hirakow et a]. (70) looked at rat and 
guinea pig atrial myocardium during postnatal development. 
This study involved comparisons of left with right atrium, 
concentrating on cell size and volume density of myofibrils, 
mitochondria, glycogen and atrial specific granules at 


various ages. 


There have been two main suggestions as to the factors 
which may act as stimuli for T-system development. Several 
authors have noted a correlation between the increase in 
cell diameter and decreasing surface to volume ratios (71, 
112, 130, 139). This has led to speculation that at some 
point, for example, when the cells reached an average 
diameter of 6-8 u, the T-system became necessary to maintain 


the surface to volume ratio. None of these studies 
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considered the contribution of caveolae to surface area of 
the sarcolemma. Forssmann and Girardier (53) and Sommer and 
Johnson (139) noted that this was probably not the sole 
factor." There were many fairly large diameter atrial cells 
which appeared to have no T-system and in the adult 
ventricle many cells of relatively small diameters have an 
extensive, well-developed network of T-tubules. Hibbs and 
Ferrans (67) reported that the T-system was only present in 
those atrial cells which have the most myofibrils.They 
Suggested that the development of abundant amounts of 
contractile protein and the subsequent organization of 
myofibrils may be the stimulus that caused T-tubule 
formation. There have been suggestions that the T-tubules 
and caveolae may be functionally related specializations of 
the sarcolemma of cardiac muscle cells (63, 139) and 
morphometric studies of this relationship have been carried 


eMePcOor adult animals (94, 95). 


In summary, the morphology of the developing T-system 
has not been well-studied in cardiac muscle cells. It has 
been described only for ventricular myocardium and the 
investigations have depended on comparisons with those 
developmental processes which were seen in skeletal muscle. 
The development of T-tubules in atrial cells has not been 
Studied at all. The stimuli involved in the initiation of 
T-tubule development, (for example, the influence of 


increasing cell diameter and the degree of myofibrillar 
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development) remain to be clarified. Further, the 
relationships between caveolae and T-tubules, and between 
internal and peripheral couplings during the development and 
differentiation of atrial muscle cells remains unclear. It 
was thus decided that a comprehensive descriptive and 
morphometric study of the ultrastructure of atrial muscle 
cells during postnatal development would serve to unravel 
some of the uncertainty which still surrounds these 
relationships, and provide useful information concerning the 
effects of the appearance of the T-tubules on the 
adjustments in- the excitation-contraction coupling process 
which have been reported to occur in neonatal cardiac 


muscle. 
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II, METHODS 


Animals: Care and Housing 

Sprague-Dawley albino rats were used throughout the 
project. Some neonatal rats were obtained by breeding 
animals in the departmental holding rooms, but this proved 
unreliable. Most of the neonatal rats were obtained by 
ordering pregnant females during the second week of 
gestation from the Health Sciences Animal Care Facility of 
the University of Alberta. The pregnant females were held in 
individual cages and given ad lib purina rat chow and tap 
water. The photoperiod was maintained at 12 hours of light 
using an automatic timer. Litter sizes are known to affect 
chronology of development (117) so an attempt was made to 
Maintain litter size at 6-8 siblings by removing an 


appropriate number of animals immediately following birth. 


Tissue Preparation for Electron Microscopy: 

The procedures used were identical for each batch of 
Breshettnach animal was anesthetized with ether and the body 
weight measured and recorded. The animal was killed by spine 
dislocation to minimize suffering. The chest cavity was 
opened and the heart exposed. The heart was perfused by very 
Slowly injecting several milliliters of 3% gluteraldehyde-3% 
formaldehyde buffered in 0.1 M sodium cacodylate into the 
left ventricle from a 10-mL syringe. The heart was excised 


rapidly and the right atrium was dissected, minced, patted 
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dry and placed in a tared vial containing 1 mL of the 
fixative solution. The vial was reweighed and the right 
atrial weight recorded. The remainder of the heart was 
patted dry with an absorptive tissue, weighed and the weight 
recorded. Total heart weight was the sum of these two 
values. 

Fixation in buffered 3% gluteraldehyde-3% formaldehyde 
was continued for 2 hours at room temperature. The tissue 
was then washed for 30 minutes in 0.16 M sodium cacodylate. 
Three changes of wash solution were performed at 10-minute 
intervals. The tissue was post-fixed in 1% osmium tetroxide 
buffered in 0.1 M sodium cacodylate for one hour at room 
temperature and again washed in 0.16 M sodium cacodylate for 
three 10-minute periods. The tissue was then mordanted with 
1.2% tannic acid in 0.1 M sodium cacodylate. This fixation 
procedure was a slight modification of that recommended in 
Simionescu and Simionescu (133). 

The tissue was dehydrated through a graded series of 
ethanol, 50%, 70%, 95%, 10 minutes in each case and then in 
100% ethanol, three changes each of 10-minute duration. The 
final dehydration step consisted of two 15-minute washes in 
dried propylene oxide. 

Infiltration was initiated by placing the tissue ina 
1:1 mixture of propylene oxide and epoxy resin for 2 hours 
at room temperature on a tissue rotator. The resin was an 
epon-araldite mixture (2 parts araldite:2.5 parts epon:6 


parts DDSA:0.25 parts DMP30). This was followed by 1:3 
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propylene oxide:epon-araldite for two hours at room 
temperature. The final infiltration was accomplished using 
pure epon-araldite for 16-20 hours in a vacuum desiccator. 

The tissue was embedded as blocks approximately 1 mm? 
in beem capsules. The plastic was polymerized overnight in a 
45°C oven and then for 48 hours at 60°C. 

Blocks were sectioned using glass knives on a 
Porter-Blum MT-2 ultramicrotome. Sections approximately 
60 nm thick (silver grey) were collected on uncoated 300 
mesh copper grids. The grids were stained for 7 minutes on 
drops of Reynold's lead citrate. 

The grids were examined uSing a Philips EM200 at 60 KV 
Or a Philips EM410 at 80 KV. Electron micrographs were 
obtained using 35 mm positive release film (Kodak 5132). 
Prints were made using an Omega D2 enlarger. Kodak RCII 


polycontrast paper was used for all prints. 


Experimental Design: Descriptive Morphology 

Initially, right atrial myocardium of adult rats was 
examined to confirm that tubular invaginations of the 
Sarcolemma were a characteristic feature of enough cells to 
Warrant further study. Then the right atrial myocardium of 
neonatal rats, two to three hours after birth, was examined 
to confirm the absence of T-tubules at this age. Finally, a 
comprehensive examination of the fine structural appearance 
Setamughteatrialecelis!from)ratssofmeveryoage fromebirthi to 


21 post natal days was carried out to select stages at which 
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Significant developmental changes were apparent. The groups 
selected for more comprehensive study were neonate, 7, 14, 
16, 18, and 21 postnatal days and adult. The right atrial 
tissue from five to ten animals of each age was examined in 


great detail and qualitative morphological differences were 


noted. 


Quantitative Morphology 

Stereological principles and techniques have been 
reviewed periodically over the last two decades (17, 39, 40, 
96, 145, 149); applications to striated muscle tissue have 
been considered by several authors (15, 38, 91, 102, 111, 
150). Briefly, mathematical formulae have been derived to 
Show that areal density on a section is directly 
proportional to volume density in tissue. Thus the volume of 
any fine structural component in a given volume of tissue 
can be determined by measuring the area of that component on 
a sufficiently large number of randomly chosen sections to 
obtain the average area of the component as a function of 
test area. Similarly the average length of the boundary 

trace of a structure in sections as a function of test area, 

is directly related to the surface area of that structure in 
a given volume of tissue. 

The specific morphometric measurements performed for 
this project gave estimates of average cell diameters, and 
volume density of myofibrils. Estimates of surface densities 


of sarcolemma, T-tubules and caveolae, peripheral and 
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internal couplings were also obtained. The measurements were 
carried out using a Zeiss MOP-3 digitizer. This is an 
automatic planimeter consisting of a tablet with a 
magnetized grid, a sensitive magnetic stylus and a 
preprogrammed console/printer (Fig. 40). Using this device 
it was possible to obtain quite accurate measurements 
(relative standard errors < 10%) of the area of selected 
Penerstructural ‘componentseasra ‘function of«cellrareatforfa 
large sample of randomly selected sections and then estimate 
the volume density of these structures. By tracing the 
boundaries of sarcolemma, T-tubules and caveolae and 
averaging them as a function of cell area it was also 
possible to estimate surface density. 

The measurements were conducted on 5" x 8" electron 
micrographs obtained in the following manner. Right atrial 
tissue was collected from five rats at each of six age 
levels: neonates, 7 days, 14 days, 18 days and 21 days 
postnatal, as well as adults. Numbers were assigned to all 
the blocks taken from the right atrium of each animal and 
then four blocks per animal were selected using a random 
number table. Sections from each selected block were viewed 
to ensure good fixation and a reasonable degree of 
relaxation. Blocks poorly fixed or with a sarcolemmal length 
outside the range 2.20 to 2.30 um were rejected and replaced 
with blocks from the same animal. Several medium sized 
sections (large enough to cover 8-10 grid spaces) were 


collected from each block on grids with a central arrow to 


cs - 


wisu siuetenesen| tT .teciaddo we aeiatey eps 
ne ¢¢ Sia? .tstiticih £-Se Beiet se entev- 
a diivegeidei « Io pRidgrenes setectne 
s Sek edivee 21 tones QVEtiens Ss hae 
snivab #f4sopniett .tht ,o 12) veeaeteeans be 
vise Si47u>ocs =tiup dieses? S6geem 
barns ilee 7o 6235 ads 7 7%. * SACI oe 
Seo: Bese Lie to aelitsngt, & aa A cenagets d 
gfevteee nett Bek eo0ltos2 tess ioe 4AOIieA IGG 
OME SEUD VS: GS 3UF 20 38< Sahat so. 4rbeceliy 
6 s¢@ficever ptrb coletiusAg  saplsiowes 2 
sels sew 28) couse: 21 <s13 PSs, * 28 
Vi 

Yiieneh soeepe sree: 
(3a! ag "ec. O OSssav5o°c3. See dahil 
isi2t76°TAPCH,, 220ee paeane) con she As Seal oh 
S08 Mie 20 Hohe She tes sy Ulpoltis begee leds ov 
veh -iS Dos 276b Bh ,evem ej Are . _ ae eeeea 
iLLs o23°b$orpi 28a ote assao: $y Lae ee eee ae ( 
bie .Lemins dopoetoine lite hat arts; oat _ «shad 
mobrss & pater bsigetce sage Saw ihe tog es apie 
Geweiv Siew A5cid hetestes cd rr) head Anois ash. sided om 


iG 981936 $icedcr ssi .6 bre: nosngee?. come 


a. 


sensi Istwsiogise 6. div 10 GexhS vireeg svoalé 
Sazaiges bas pei sess stsy m4 66.8) ot O5ue soars 
beste! muted -tepsvec Aeditnéaien sks aot, 
axel (gassge Bisp 6178 te¥eo 6+ Mgaons vownai 
od 0278! Se a eRe ares teas orks 


28 


allow orientation. Five micrographs were taken from each 
grid in a systematic manner. Micrographs were obtained from 
the five grid spaces immediately to the right and below the 
central arrow (Fig. 37). Electron micrographs of two 
magnifications were taken of all the selected grid spaces. 
Low power micrographs (approximately 5000x) were used to 
obtain average cell diameters. Higher power micrographs 
(approximately 15000x) were used to obtain measurements of 
areal density of myofibrils, and boundary traces of 
Sarcolemma, T-tubules and caveolae, PCs and ICs. 

The morphometric data for all of the variables was 
Subjected to Cochrane's test for homogeneity of variance 
(105). For all of the parameters except volume density of 
the myofibrils, the different age groups were found to have 
nonhomogeneous variances. Since between group variances were 
often quite different for different ages and this would 
unduly affect the results of any parametric statistical 
tests fit was %feltethat ‘nonparametric “statistical tésts 
should be used to analyze the data. The Kruskal-Wallis one 
way analysis of variance (132) was deemed to be most 
appropriate. This test circumvents the problems caused by 
the highly variable values obtained for the lower age groups 
by assigning ranks to each value. The large variations in 
the absolute values, many of which may be zero, have 
relatively less effect on the group means when converted to 
rankings. The rankings of the values for each age group are 


the statistic which is tested A sample of the calculations 
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used in these tests is presented in appendix 2. Briefly, for 
each variable the measured values from all age groups were 
assigned ranks from lowest to highest (1-600). Tied scores 
were given the mean value of the ranks for which they were 
tied. The ranks for each age group were then summed and the 


values were applied to the Kruskal-Wallis Formula: 


SO ; ie Te oy 
NON 1) & aj 

ee where: 
H = the Kruskal-Wallis statistic 
K = number of groups 
nj = number of cases in the jth group 
N = total number of cases in all groups 
Rj = sum of the ranks in the jth group 
$ = the operation of summing the data from k groups 


5-4 
The Kruskal-Wallis test was used to determine whether the 


Sums of the ranks for the different age groups were so 
disparate that they were not likely to have come from 
Samples which were all drawn from the same population. 

It has been shown that if the k samples are from the 
Same or identical populations then H is distributed as 
chi-square with degrees of freedom equal to one less than 
the number of groups provided that the sample sizes are 
noemeoor sinal lo (132) 

Ties influence the value of H, but they can be 
corrected for by dividing H by 1-ZT/N*-N where T=t*-t (t 


being the total number of ties) and N=the total number of 


es | ae 
sod .gfde3® .f albosuae nt besnmeaiee Staes-6 
gxis0 equotr eps fic wicti eeutev beweasm eds 


aevose Bol? .f293-1) sresdotd apy Saqeees mas4 


srvay weed? HSidw.cod eines sth ie spiav wsen afia 


ice feaciie neit- etew Quoze ope oes. t¢3 &Angt 
ielitmro® ciligt-tseieqrm 8 oF Gesigge 


Se tts = 

4 + = é ms = ~~ ¢ ® 

i fe es fl + WM 
fest ° 

sitertsva wel bet haseuse 

2g0c19 fo 18 


arp dct odt di udasa> 3S, Em 


¥! 


equose iis Ws cagap fia: 13dmyn 

swoOI1p aip ett ni games ita vo ¥ 

eQucitp Somer i BISG SA, pirem a 79.00 Ld eI ago 
ad4 aesdj5enyv safmie2 4207 heey 25h féad | ak Lie 
G8 Stew equdtD Seb Jneisi3i6 a2 303 SAe2 
mo32 erect od i Poo SneM are 
noi teiugog anae, dd | APES: RVETH , tis Sroms 
913 Moz? 926 asiquse AisH3 tt io aus naades 
2a-bs; uct al ave eit’ snd tatugee fiend 
nedc.egel Sno os rite mobasii io eastpeb << 
s%6.2981e slqmée® ony. weit babivor) .~ Aquexg 4 
RET 


sd.mea ysds sud a 20 sufer i? and 


2 aah mia MNP emia ed oS 


| 


to aadmtve Beta! site Bon HATE Bd sadowe 


30 


values in all the groups. All of the H values were corrected 
for ties and were compared to chi-square values to test for 
Statistical significance. 

All of the Kuskal-Wallis tests were confirmed using the 
MIDAS statistical package available from Computing Services 


at the University of Alberta. 
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III. RESULTS 


A. Descriptive Morphology 


Adult Right Atrial Myocardium 

A number of descriptions of the fine structural 
appearance of adult myocardial cells from mammalian atria 
erevavailablerinithesliteratures(16, 27), 4199675 86)4947)98; 
139). Virtually all of these were comparisons of atrial 
Structures to those found in ventricular cells. 

As Figure 1 demonstrates, well fixed adult atrial cells 
were seen to be of small diameter (5-6 um), and were tightly 
packed, leaving relatively little intercellular space. The 
extracellular space was filled with fine reticular fibers of 
the endomysium and the glycoprotein coat which invested each 
muscle cell. In some areas collagen fibrils of the 
endomysium became more robust (Figs. 3B, 4). The endocardium 
was characterized by a thin layer of endothelial cells with 
a moderate accumulation of collagen fibrils and relatively 
large amounts of elastic fibres (seen as very dense black 
patches and strands in Fig. 3B and Fig. 4) lying between the 
endocardial and myocardial cells. 

There have been some suggeStions that there are two 
atpial celbatypesptparticularlyeinethecright atriumA(9, 16, 
Wipes eo2 ¥ai16¥4127) . fSomerrightaatraalecelisenearhthe 
endocardial surface did appear to contain less contractile 


protein and these cells did not appear to have tubular 
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invaginations (Fig. 3B) but it was not possible to see 
clearly defined specific tracts of these cells. 

Capillaries were abundant and often small unmyelinated 
axons were Seen adjacent to the blood vessels (Fig. 1, upper 
Pert, erigu©2pucentér)veThe sendotheltalbcellstoftéenitontained 
many vesicles of the type which are generally considered to 
be micropinocytotic, although these were often seen to be 
filled to a greater or lesser extent with tannic acid. These 
were probably in communication with the ECS but usually the 
vesicles were not as darkly stained as caveolae in adjacent 
muscle cells (Fig. 8C). 

Intercalated discs were seen to cross transversely at 
the ends of many cells but many junctional contacts were 
seen along the lateral edges of tapering cells (Figs. 1, 2, 
eAyet) : 

It had been reported that the myofilaments of atrial 
muscle cells were only partially organized into myofibrils 
(98,139). This was seen in some areas characterized by 
thinner diameter of myofibril-like arrangements which 
branch. The zZ lines were not in register and the myofibrils 
were only partially separated by rows of mitochondria. The 
myofibrils were incompletely invested with sleeves of 
anastomosing tubules of ae Spetriqcat 19n2;,o6MpoAy 7A). This 
was well demonstrated in transverse sections (Fig.6A) 

A characteristic feature of atrial cells was the 
presence of a well-developed Golgi apparatus which in the 


adult was usually associated with aggregations of dense 
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granules that were remarkably like secretory granules in 
appearance (Figs. 1, 2, 5). These have been previously 
described and called specific granules 

1207 207420592491515 152, 153). ) At’ higheramagnifications 
glycogen granules seemed to be quite abundant but it was 
difficult to differentiate between free ribosomes and 
piyeogenapdarticles. (Figs.) 4,.5;\7, 8)% 

At low magnifications caveolae and tubular 
invaginations of the sarcolemma were not obvious (Figs. 1, 
2, 3 at small black arrowheads) but were much easier to see 
in material well-mordanted with tannic acid (Fig. 1, 3) than 
in material where the penetration of tannic acid was less 
evident (Fig. 2). The penetration of tannic acid was not 
Enetormu(Figs 3ByePigio4;oFigie Glesltetendedstoibe besteat 
Superficial areas (Figs. 3B, 6) and in thinner trabeculae 
(agerdy)xslktfwastnoted! that tissue which was well penetrated 
with tannic acid, (as evidenced by heavy electron dense 
deposits in the ECS, caveolae and T-tubules), tended to be 
better fixed than material where infiltration was less 
apparent. 

Caveolae were most frequently seen as single or double 
vesicles opening into a single neck (Figs. 1, 3B, 6, 8B, 
8C). Even at relatively low magnifications complex 
arrangements were noticeable (Fig. 3A large white 
arrowheads, Fig. 4 small black arrowheads). There did not 
seem to be any preferential location of caveolae in relation 


to the sarcomeres. Tubular invaginations were not obvious 
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but at moderate magnification in well-mordanted material 
these structures were visible in many cells (Fig. 4, small 
black arrowheads and elsewhere). At higher magnifications 
the caveolar complexes, consisting of as many as a dozen 
vesicles joined in a cluster, were seen to be quite numerous 
(Bags ~05,87A,08A;°8C)s Tubular invaginations*were also 
present and seemed, in adulteatrial cells, to be tortuous 
convoluted structures primarily in the subsarcolemmal 
Sarcoplasm (Figs. 4, 6B, 8B). These tubules sometimes 
appeared to be opening from caveolae or sometimes to be 
strings of caveolae (Fig. 8B). Tubules were not seen deep 
inside the cell frequently, but in well mordanted material 
even at lower magnifications it was possible to see areas 
where tubules seemed to contain more electrondense deposits 
than tubules of the SR (Fig. 3A, large black arrowheads). At 
higher magnifications it was possible to confirm that at 
least some of these tubules did contain tannic acid deposits 
puadsveuesprobablyeinecontinuityowirthethetECSutFig. t6ApiFig. 
7A & B). Peripheral couplings between SR and the sarcolemma 
were frequently seen (Fig. 1, 6A large white arrowheads and 
elsewhere). Internal couplings between tubular invaginations 
and jSR were not frequent but were seen in well-mordanted 
material (Fig. 7A &B). At lower magnifications it was 
possible to see SR tubules in relation to caveolae and 
caveolar complexes (Fig. 1, small white arrowheads, lower 
right). At moderate magnifications this apposition was often 


seen to be quite intimate but junctional specializations 
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were Hardetoysee ((Figsat6GAy iGBp B8A)teAb higher 
magnifications at least some of the SR which was in 
apposition to the caveolae appeared to have junctional 
Specializations as described for internal couplings (Fig. 7A 
small white arrowhead, Fig. 8C large black arrowhead). For 
the purposes of morphometry an apposition between jSR and 
eaveolae was considered to be an internal coupling: as»it was 
BOuyestrictly speaking) a*junct ion swithcthe *surface 


Sarcolemma. 


Neonatal Right Atrial Myocardium 

Neonatal right atrial myocardium showed several major 
differences in comparison to adult tissue. The cells were 
much smaller (3.28 um average diameter). The extracellular 
Space in some areas was very large, forming what appear to 
be clefts between the cells. These clefts appeared to be 
filled with finely granular or amorphous flocculent material 
but these may have been fixation artefacts due to tannic 
acida(Pigs#r9ni10). "Collagen hfibrils were gnotvabundant beven 
in subendocardial and subepicardial areas (Figs. 10, 12, 
13A, and 13B) but large numbers of active fibroblasts were 
Moutinelyaseens (higsre9 peti0:, FTSBenMany keel bate-ecebl 
contacts were apparent but these appeared to be incompletely 
developed intercalated discs (Figs. 10, 12, 13A). 

The hearts of neonates were small but were functioning 
effectively so it was not surprising to see that some cells 


appeared to be relatively well-developed (Fig. 9). There was 
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some well-organized contractile protein collected into 
myofibril-like bundles, oriented along the longitudinal axis 
of many of the cells. This material tended to be restricted 
mainly to the peripheral areas of the cell adjacent to the 
Sarcolemma (Fig. 9). Other cells appeared much less mature 
with relatively sparse development of the myofilaments and 
irregular orientation of the filaments that were present 
Peogs edi? 12)anEvenethosercelisein which! thercontractile 
apparatus appeared well-organized at lower magnifications 
(Fig. 9) were seen to be less highly organized at higher 
magnifications (Fig. 11). Nuclei seemed to be only slightly 
smaller but did appear to have irregular shapes when seen in 
transverse section compared to the regular elongated 
configuration of the nuclei seen in adult atrial cells. 

Although the contractile protein appeared to be 
partially organized into myofibril-like units there was very 
Mueele development 'of the SR, at®Sbirthe(Pigsets lyed2)etThe 
tubules of endoplasmic reticulum that were present seemed to 
be mainly granular BR. Peripheral couplings were seen but 
were rare Aaripeiecd to their abundance in adult atrial 
myocardium; internal couplings were not seen. 

Golgi bodies were seen frequently but many appeared to 
be very active in the elaboration of vesicles with 
relatively electron lucent cores as well as the production 
of atrial specific granules (Fig. 12). These specific 
granules were abundant but seemed smaller than those seen in 


adult cells; the granules were not clustered primarily at 
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the nuclear poles but seemed to be scattered randomly 
throughout the sarcoplasm. Mitochondria were numerous but 
were also scattered throughout the cell and not lined up 
into rows between the myofibril-like bundles. Caveolae were 
not abundant and were almost all single, one vesicle to a 
neck. Tubular invaginations were extremely rare and those 
that were seen seemed to be clefts caused by folding of the 
cell rather than true invaginations of the sarcolemma (Fig. 
1) 6 

Lipid droplets were regularly seen although they were 
not abundant (Fig. 12). Lipid droplets were not seen in 


adult material. 


7 Day Postnatal Right Atrial Myocardium 

Atrial cells of this age group were seen to be slightly 
larger and intercellular clefts had decreased in size and 
Ponbereiragss H4,ei5pul6y 17 ;ndSkeeribroblastswwenenstild 
numerous and more robust collagen fibrils were being laid 
down between cells (Fig. 14) and at endocardial and 
epreardial surfaces» (Figie18B). Capillarieshwere numerous 
but the endothelial cells were still immature, being 
thick-walled compared to the attenuated endothelial walls 
seen in adult blood vessels (Fig. 16). Myocardial cell-cell 
junctions were numerous and while many were still immature 


some began to resemble the intercalated discs seen between 
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Some of the nuclei were beginning to appear more 
rounded when seen in cross-section but many still had 
irregular profiles. Myofilaments were seen to be more 
abundant and were increasingly organized into myofibril-like 
units of relatively small diameter (<0.25 um). The 
contractile protein was still primarily restricted to 
peripheral locations but myofibrils were becoming organized 
moveccentrally wrthin vsome of ethe fcebls (Figs. ot4, 15) 16)!. 

Interspersed with the cells in which myofilaments were 
becoming more abundant and better organized were many cells 
that retained an immature appearance (Figs. 16, 17A and B) 
with central areas incompletely filled with organized 
Semucturesis 

A striking difference between the right atrial cells of 
one week old and newborn rats was the abundance and degree 
of organization of the SR. A moderate amount of the ER did 
Still seem to be granular in nature but there were now large 
amounts of what appeared to be true SR; many of the 
myofibril-like units were now partially delineated by 
Sleeves of (SR tubules (Fig: (16, 18A). Peripheral couplings 
were seen more frequently (Figs. 14, 18A small white 
arrowheads). Caveolae seemed more abundant. Although these 
were usually single vesicles, very occasionally complex 
shapes were seen (Figs. 14, 15, 17A & B; small black 
arrowheads). Tubular invaginations were virtually 
non-existent but very infrequently a short tubule was seen 


at or near a Z-line; internal couplings would be presumed 
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for these structures but none were seen eléanlygGkige, 15yyat 
Star). 
Mitochondria had begun to line up into rows between the 


Contractile*material (Pigsto15p;e17As&e B)¢< 


14 Day Postnatal Right Atrial Myocardium 

The right atrial tissue of 2 week old rats was not 
found to be remarkably different from that of one week old 
euamalse(Figseo19;e207%2Te 22)\).eThere seemedeto-Havel been a 
gradual increase in cell size and concomitant decrease in 
the size and number of intercellular clefts. The contractile 
protein was becoming more abundant and increasingly more 
highly organized but relatively immature cells were still 
seen. Granular ER was increasingly replaced by SR but 
peripheral couplings seemed no more abundant than for week 
old atrial cells. Caveolae appeared to be more numerous; 
caveolar complexes and tubules were seen more frequently 
(Fig. 22B, lower left) but were still not sufficiently 
abundant to be considered significant structures. 
Associations between jSR and caveolar complexes were seen 


more frequently. 


16-21 Day Postnatal Right Atrial Myocardium 

Throughout the third postnatal week there was a further 
gradual increase in cell diameter. The ECS became less 
noticeable and intercellular clefts were much reduced (Figs. 


eoym 926 50337134)6 Many capillaries retained an immature 
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appearance with thickened endothelial cells (Fé gow (2sEn 30s 
Pepeecellito cell contacts increaSingly resembled adult 
intercalated discs (Figs. 27, 31B, 36A). The abundance of 
the myofilaments appeared to increase and the myofibril-like 
units were certainly becoming more organized and clearly 
delineated by increased amounts of SR (Figs. 24, 29B, 30A, 
35A & B). By the end of the third week many areas were 
indistinguishable from adult tissue (Fig. 34). However, 
areas were also seen where cells were less well-developed 
(eagse 24Aen 25; 29A,) 30Bsa388B)seIn) figure 33Bethere seemed 
to be several cells clustered together surrounded, partially 
by a moderately well-developed amount of connective tissue. 
This might be have been taken as evidence for the existence 
of internodal pathways, but may just have indicated 
inadequate penetration of fixative solution to the cells 
that were partially isolated by the thickness of the 
connective tissue surrounding them. Active fibroblasts 
remained relatively abundant (Figs. 23, 24A, 25A, 27, 28, 
SOb;e 33Ar & iB) i 

While no dramatic increase in cell diameter or in 
abundance of myofibrillar material appeared to be taking 
place over this period there seemed to be striking changes 
taking place in the abundance and complexity of the 
invaginations of the sarcolemma. Caveolae and particularly 
complexes of various sizes and shapes were becoming more 
abundant (Figs. 24A, 25A & B, 28, 30A, 32B, 36A). Tubular 


invaginations of the sarcolemma became moderately frequent 
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(Figs. 26A, 31A & B, 36) and occasionally could be seen to 
branch (Fig. 26B). Peripheral couplings appeared to be more 
numerous (Figs. 24B, 29B, 35A & B) and with the increased 
development of caveolar complexes and tubular invaginations 
of the sarcolemma, associations between jSR and these 
Structures seemed to increase in number (Figs. 25B, 30A, 31A 
& B, 36A; white arrowheads). Increasingly, true internal 


couplings were seen (Figs. 26C, 36B & C). 


In summary, adult right atrial cells were seen to be 
relatively small and tightly packed. They contained abundant 
filamentous contractile protein organized partially into 
myofibrils which were incompletely delineated by tubules of 
SR and rows of mitochondria. These structures filled the 
bulk of the sarcoplasm. The central areas of the cell 
contained a nucleus, a well developed Golgi apparatus and 
aggregations of specific granules, though many granules 
could be also be seen scattered throughout the sarcoplasm. 
There were many caveolae and caveolar complexes; tubular 
invaginations of the sarcolemma while not universal were 
often seen. The jSR made many specialized couplings with the 
Sarcolemma and appeared to be associated with caveolar 
complexes. Where tubules invaginated, even af sonlyGeerta 
short distance from the sarcolemma, internal couplings were 
seen, 

Atrial muscle cells from newborn rats were much 


smaller, with irregular-shaped nuclei. There was some 
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development and organization of the myofilaments but the 
bundles were located at the periphery of the cell and were 
not delineated by SR or rows of mitochondria. The SR was 
mainly granular, there were few PCs and ICs were 
nonexistent. Caveolae were not abundant and no true tubular 
invaginations of the sarcolemma were seen. 

The right atrial cells of 7 day postnatal rats were 
Slightly larger than those of neonates. The contractile 
protein was more abundant and better organized. The SR had 
started to develop and was moderately well-organized. 
Peripheral couplings and caveolae were more abundant at the 
Sarcolemma but tubular invaginations and internal couplings 
were not significant features. During the second week of 
postnatal development the right atrial cells gradually 
became mature in appearance. The myofilaments became more 
abundant and were increasingly organized into myofibril-like 
bundles in central as well as peripheral regions of the 
Sarcoplasm. The SR seemed better organized around the 
myofilaments. At the cell surface caveolae appeared to be 
slightly more numerous, primarily due to the increased 
frequency of very simple aggregations of vesicles sharing 
the same neck. T-tubules were seen but were still quite 
rare. PCs were more apparent and ICs, though infrequent, 
were now seen. 

During the third week of postnatal development no 
dramatic changes in cell size or abundance and organization 


of myofilaments appeared to take place. However, while the 
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cells still seemed to be of relatively small diameter, more 
of them were beginning to resemble mature cells. Caveolae, 
caveolar complexes and tubular invaginations of the 
Sarcolemma did seem to be considerably more numerous. Both 
peripheral and internal couplings were seen much more 


frequently. 


B. Morphometry 


Weight Measurements 

The means and standard deviations for postnatal body 
weight, heart weight and right atrial weight for the various 
age groups are presented in Table 1. There was a gradual 
increase in all of these variables over the first four 
weeks. By the end of the fourth postnatal week both the 
heart and the right atrium had achieved approximately 60% of 


adult levels. The differences were all significant (p<0-01). 


Stereology 


Measurements from low power electron micrographs: 

The mean cell diameters, obtained using micrographs of 
approximately 5000x magnification are presented in Table 2. 
The values used to obtain the means are presented in 
Appendix 1:Table A1.1. Bach data point in Table A1.1 


represents the average cell diameters as measured from all 
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the cell profiles in one micrograph. This data confirmed 
that there was a steady, gradual increase in atrial cell 
diameter over the first three postnatal weeks. This 
difference was found to be signficant at p<0.01 using the 
Kruskal-Wallis test. An example of this test is presented in 
Appendix 1:Table A2.1. Volume density (Vv) of the 
myofibrillar protein for adult animals, estimated using low 
power micrographs was found to be 55.85+ 5.44% of the total 


cell volume. 


Measurements from high power electron micrographs: 

Table 3 contains the mean estimates of Volume Density 
(Vv) for myofibrillar protein as a percentage of cell volume 
and the surface density (Sv) of peripheral couplings, 
internal couplings and of caveolae+T-tubules calculated as a 
percentage of sarcolemmal boundary. These means were 
obtained from measurements performed on electron micrographs 
Gil approximately 15,000x magnification. Measurements of the 
cell area, myofibrillar area; PC, IC, sarcolemmal and 
caveolar boundary length are contained in Tables A1.2, Ai.3, 
AteS At, 7, Al.9 and Al.10 respectively. Areal density of 
myofibrillar protein estimated for each micrograph were 
listed in Table A1.4. Each individual data point was 
obtained by dividing the values in Table A1.3 by the values 
in Table A1.2. Surface densities for PCs, ICs and Cav + T 
were estimated by dividing individual values in Tables Al.6, 
A1.8, and A1.10 by the corresponding values in Table A1.5. 


Surface densities of PCs, ICs, and Cav + T were listed in 
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Tables A1l.7, A1.9 and A1.11 respectively. 

As can be seen from Table 3, there was a gradual 
increase in volume density of the myofilaments over the 
first two postnatal weeks then a slight decline followed by 
another gradual increase. The change over the first 14 
postnatal days and again the changes between 18 postnatal 
days to the adult were found to be significant (p<.01). The 
value estimated for volume density of the myofilaments for 
adult atrial cells was not significantly different from the 
value estimated using low power electron micrographs. 

Surface density of the peripheral couplings increased 
Slightly, but significantly (p<0.01) over the first two 
postnatal weeks, then increased dramatically between the 
fourteenth and eighteenth postnatal day(p<0.01). There was a 
Significant increase between the eighteenth and twenty-first 
postnatal day and a decrease to adult levels (p<0.01). 
Surface density of the internal couplings, which was 
comprised of couplings between SR and caveolae as well as 
between SR and tubular invaginations, increased 
Significantly over the first three postnatal weeks (p<0.01) 
in a regular manner. 

SvCAV was an estimate of the contribution that 
invaginations of the sarcolemma ete making to the surface 
area of the cell. The means in Table 3 were calculated using 
the sum of the caveolar and tubular boundary traces as a 
Single value. The values for neonatal, 7 and 14 day 


postnatal were all due to estimated caveolar surface area; 
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the contribution of tubular invaginations to the values 
obtained at 18 and 21 postnatal days was approximately 5 
percent and for adult cells was less than 10 percent of the 
contribution of caveolae. There was no difference in tubular 
area measured for the latter three age groups. As can be 
seen in Table 3, there was very little increase in the 
percentage of surface area contributed by caveolae over the 
first two postnatal weeks. There was a dramatic increase 
between the 14th and 18th postnatal day and a subsequent 
gradual increase to adult levels (p<0.01). 

The general trends of the means for the four variables, 
across all of the age groups, are presented in Figure 38. It 
can be seen that the meaSurements generally support the 


impressions obtained from the micrographs (Figs. 1 - 36). 


Calculation of surface/volume ratios 

Surface/volume (S/V) ratios of the developing atrial 
cells can be estimated using the average boundary length of 
the sarcolemma and the average cell area. AS was mentioned 
previously, S/V is directly proportional to sarcolemmal 
boundary trace/ average cell area as measured from a sample 
of micrographs. Estimates of sarcolemmal boundary and cell 
area at each age level can be obtained using the values for 
average cell diameters (Table 2). For example, assuming 
perfect cross sections one can use the formula which gives 
the circumference of a circle (C = 7 x D) to estimate the 


sarcolemmal boundary. For neonates this was calculated to be 
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3.28 x m= 10.30 um. Similarly sarcolemmal boundary lengths 
for other age groups were calculated to be 7d = 10.62 um, 
14d = 11.78 um, 18d = 12.69 um, 21d = 13.76 um and adult= 
23.53 um. The average cell area was calculated using the 
BOrmula for area ofsascircle (A = mr?2)a°These values were 
determinedsto bei N= 8245eum?, 7d= 8597enm?)) 14d=) 11.045 um?, 
poe=02269 gum?5 i 2id=4 150076 um? andoA=" 446406 gmeme ltr waswnot 
possible to estimate the contribution of the caveolae and 
the T-tubules to the sarcolemmal boundary from the low power 
micrographs as these structures were too small to measure 
accurately at those magnifications. 

Estimates of the percentage contribution of caveolae 
and T-tubules to sarcolemmal boundary were available from 
the higher power micrographs. It was possible to estimate 
the values for total sarcolemmal boundary by multiplying the 
average SvCav values (Table 3) by the values of sarcolemmal 
boundary calculated above and then combining these two 
estimates. For example, for neonates total sarcolemmal 
Peanoany= i0.s4) 400.127) .+, 10. 342=5 1NB0S St ON 84e= 11.613. 
Similarly total sarcolemmal boundaries were calculated for 
Pnesother age groups: 7d = 11.98 um, 14d = 13.388 um, 16d = 
16.491 um, 21d = 18.731 um and A = 34.323 mum. 

Dividing the values for total sarcolemmal boundary by 
the value calculated for average cell area gave estimates 
for S/V ratio at all age levels: N = 1.374 um*/um*, 7d = 
1.336 um?/um?, 14d = 1.213 um?/um*?, 18d = 1.299 um’?/um*, 21d 


= 1.243 um?/ym*? and A = 0.779 um?/um*. It appeared that S/V 
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ratio remained relatively constant during the early 
postnatal period with perhaps a slight decline and was much 
reduced for adult atrial cells. 

Cells grow in length as well as in diameter but Korecky 
and Rakusan (80) showed that the increase in length was 
proportional to the increase in diameter. The estimates of 
S/V ratios calculated above using only cell diameters should 


be reasonably accurate. 
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IV. Discussion 

The right atrium may have seemed an unusual choice for 
the study of the development of the T-system since it was 
the heart chamber reported to have the least development of 
this organelle (16, 139). As mentioned previously, 
preliminary studies had shown that T-tubules were more 
prevalent than had been previously suggested (10, 16, 86) 
and it was felt that the development could be followed more 
easily in the atrial cells which were filled relatively less 
completely with myofilaments. A further reason was the 
discovery of an unusual filamentous structure which appeared 
to be restricted entirely to right atrial cells (87). It was 
thought that this structure might be related to internodal 
conducting pathways and that by following its appearance and 
differentiation postnatally it might have proven possible to 
clarify this controversial area. This filamentous material 
was not observed in the heart tissue from neonatal to four 
week old animals and a subsequent paper (50) described this 
filament as a characteristic of ageing myocardium. 

Previous studies have shown that tannic acid mordanting 
enhances membrane structure and, further, deposits in the 
T-system to act as an extracellular space tracer (14, 84, 
GSECOMEGT CH22ncI334 H34 prise). TOther pinvestigators have 
used horseradish peroxidase (HRP) as a tracer but results 
with tannic acid were comparable to those reported for HRP 
(10, 53, 106, 140) and fixation seemed better. Tannic acid 


penetration was not even and was restricted mainly toa 
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depth of several micrometers around the larger vessels and 
at epicardial and endocardial surfaces. Most of the tissue 
which was studied came from these areas. It was true that 
the tissue which was well-penetrated with tannic acid tended 
to be better fixed than surrounding non-mordanted tissue but 
this may have meant that the penetration properties of the 
fixative solution and the mordanting solutions were similar 
rather than suggesting that tannic acid was improving 
fixation. Nonetheless, in those areas where tannic acid did 
penetrate the T-tubules and the caveolae were spectacularly 
demonstrated and differences between tubular invaginations 
of the sarcolemma and subsarcolemmal tubules of the SR were 
unmistakeable. 

The variability in appearance of adult right atrial 
cells has been well documented. Most authors describe two 
main cell types; one a smaller cell with abundant 
myofibridlarsproteintandeT=tubulessandtthenother aplarger 
cell with fewer myofilaments and no T-tubules (4, 9, 16, 41, 
Sg97 450921698 ,£116) °13999148)e Sherf andsedamese(127) have 
even characterized six different cell types. All of the 
above investigations were studying the morphology of Erghe 
atrial cells in an attempt to demonstrate the existence of 
internodal conducting pathways. These preferential 
transmission pathways have been suggested on the basis of 
electrophysiological recording (127) and by differential 
Staining experiments (41). The morphological evidence for 


the existence of these tracts 15 controversial; Anderson and 
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his coworkers still feel that they have yet to be 
demonstrated (4, 74). All of the above investigators agree, 
however, that there were no clearly delineated tracts of 
morphologically distinguishable cells; in fact even though 
two main cell types were described, a broad transition 
between the two, consisting of many intermediate types was 
acknowledged. The presumption seems to have been that the 
pathways are derived from what was embryologically the sinus 
muscle, yet this muscle was reported to become 
morphologically indistinguishable from other atrial cells in 
the adult (148). The existence of a large population of 
Specialized conducting cells without T-tubules in 
recognizable areas of the right atrium would greatly 
influence the study of the development of the T-system. 
Tissue from areas which contained these tracts would, 
perhaps, best be omitted from this investigation. During the 
preliminary stages of the project an attempt was made to 
locate the pathways ultrastructurally. However, it did not 
prove possible to differentiate these areas in either adult 
or neonatal right atria. The range in cell type from cells 
with a large number of myofibrils to those with relatively 
few was gradual and some cells that had few myofibrils 
contained T-tubules. After unsuccessful preliminary attempts 
to distinguish these tracts morphologically no further 
efforts were made to account for the presence of 
preferential conducting pathways. For the most part, the 


whole right atrium was excised and minced. Blocks were 
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selected randomly from all of the material available from 
each animal without regard to the specific location in the 
atrium from which the block was taken. It proved difficult 
to obtain well-fixed heart tissue from early neonatal 
animals. One of the concerns was that neonatal heart tissue 
may have had an appearance which suggested poor fixation; 
every attempt was made not to equate adult-like appearance 
of neonatal cells with good fixation and thus introduce bias 
into the descriptions of the typical ultrastructure of 
neonatal right atrium. 

It has been reported that the T-system in ventricular 
myocardial cells starts to develop when the individual cells 
reach a mean diameter of 7-8 um (68, 69, 111, 139). This 
occurred in rats at approximately the tenth postnatal day 
(69, 73). The present investigation has found that, while 
short tubular invaginations of the sarcolemma were visible 
imvatrial icells -onSrare occasions *prror’to "the fourteenth 
postnatal day, it was only at the sixteenth day of postnatal 
development that tubules began to proliferate. This was 
almost a full week later than had been reported for 
ventricular cells. This may have been due to the relatively 
small size of aie atrial cells, although even adult cells 
barely achieve the average diameter reported to be the point 
at which T-tubules develop. Eighteen day postnatal atrial 
cells were estimated to have average diameters of only 
Slightly more than 4 yum. This suggested that cell size alone 


was unlikely to be the only factor initiating T-tubule 
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development. 

The development of the T-system in skeletal muscle 
cells and ventricular myocardium was reported to involve 
repeated caveolation of the surface sarcolemma (43, 73, 18% 
125, 126). While a dramatic proliferation of the caveolae 
and the formation of caveolar complexes occurred at the same 
time (16-18 days postnatally) as the formation of T-tubules 
the two processes seemed to be relatively independent in 
atrial muscle cells. Short tubular invaginations of the 
Sarcolemma were seen and even though some of the tubules 
were highly twisted most did not seem to form from strings 
of caveolae joined together. Such strings of caveolae did 
arise at this time but the caveolar complexes seemed to be 
permanent structures which persisted in the adult atrial 
cells. Since caveolar complexes and T-tubules are both 
invaginations of the sarcolemma and the chronology of their 
development is identical it may be reasonable to speculate 
mootmtheylane related functronallystinniact;eMassonsPevet Ef 
al. (95) have shown that caveolae are much more abundant in 
atrial cells while ventricular cells, having a 
well-developed T-system, have fewer caveolae. Further, the 
caveolar complexes were found not to persist to the same 
extent in adult ventricle (63, 85, 89, 94) as they were seen 
to do in right atrium in this investigation. 

The freeze-fracture appearance of caveolae have not 
been extensively studied but some studies have reported that 


the P-face of caveolae and T-tubules in ventricular cells 
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are quite smooth and are thus distinguishable from both the 
SR and the sarcolemma which have abundant IMPs in their 
Beteces a0, 6637h89) 90} 5418)e1fO)t This mayebeftaken as 
further suggestive evidence that caveolae and T-tubules are 
related invaginations of the sarcolemma. 

The fine structural appearance of the couplings in 
adult heart muscle has been well studied (51, 138) but the 
morphology of the couplings in developing cardiac muscle 
cells has only been superficially described. 

In skeletal muscle the couplings were seen to arise at 
the cell surface as simple apposition of SR tubules with the 
cell membrane; periodic densities formed later (35). As the 
T-system developed, internal couplings were seen to appear 
and peripheral couplings decreased in abundance (78, 125). 
In atrial cells couplings between SR and the sarcolemma were 
seen at the earliest stages (Fig. 12); these structures 
appeared identical to the peripheral couplings seen in adult 
atrial cells. In some planes of section there were views 
where tubules of the SR were seen in proximity to the 
Sarcolemma with an absence of dense bridges in the gap, but 
this may or may not be taken as the initial stage of dyadic 
development. Peripheral couplings and jSR were not abundant 
in neonatal animals but they were present. This was also 
reported for neonatal ventricular cells (73). It seems 
reasonable to suggest that jSR differentiates first and then 
associates with specialized areas of the sarcolemma and the 
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Stereological techniques have gained a wide acceptance 
over the last two decades but there are a number of 
uncertainties which arise due partly to some of the 
assumptions underlying the derivations of the formulae as 
well as problems caused by inadequately prepared tissue. 

Swelling or shrinkage of cells can greatly affect the 
values obtained for cell volume. Every effort was made to 
select tissue that was uniformly well-fixed to avoid this 
problem. Section thickness can also greatly influence the 
results of a morphometric study. Where section thickness is 
greater than the thickness of the structure being measured, 
there is a tendency to overestimate the abundance of the 
Structure. Again every effort was made to maintain a 
consistent section thickness so that any over-estimation 
would be equivalent for the various age groups. 

One of the main assumptions underlying the 
stereological formulae is that the distribution of 
structures within the cell is random, that 15, the 
Serentationrofithettissue is isotropic. Striated muscle is a 
highly anisotropic tissue and thus violates this assumption. 
Suggestions for overcoming this difficulty have included 
oblique sectioning to cancel out the periodicity introduced 
by the sarcomeres (91, 150) and using longitudinal sections 
but orienting the point counting grid at two different 
predetermined angles to the myofilaments (38, 102). Bossen 
et al. (16) suggested that no special techniques were 


required as long as large sample sizes were used. Atrial 
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muscle is much less anisotropic than skeletal muscle or 
ventricular muscle (86) but still most T-tubules were found 
at Z-lines and cells in some areas of the atrial myocardium 
do show highly oriented structural organization. It was felt 
that the random sectioning angles and the relatively large 
samples used in this study avoided any major violation of 
the assumptions underlying stereological principles. Mayhew 
et al. (96) suggested that relative standard errors of the 
mean of 5-10% were acceptable for morphometric work. The 
RSE's for measurements reported here fell within this range, 
verifying acceptable levels of accuracy. The use of the 
MOP-3 also decreased systematic error as all of the 
pertinent structures on any given micrograph were measured, 
as opposed to the field sampling inherent when using 
point-counting methods (66). In any case, it was felt that 
Systematic errors would be the same at each age group and 
should cancel out. Caution must be used when comparing the 
results of this study to values reported by investigators 
using different methods. 

The heart to body weight ratios for developing rats 
were similar to those reported by Hirakow et a]. (70) and 
Anversa et al]. (5, 6) and though slightly larger than those 
reported by Zak (154) and Page et a]. (113), were in the 
Same range as accepted values. 

The volume density of myofibrillar protein in adult 
heart cells has been frequently reported (5, 6, 7, 15, 16, 


SMSGREGL, E69) 709588 pu ipr93 penLoyeti 3p 297-130) values 
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reported ranged from 35% to 62% of sarcoplasmic volume. The 
majority of studies reported that the volume density of 
myofibrils for adult myocardial cells (both atrial and 
ventricular) were in the range of 53% to 58%. The values 
obtained for this investigation fell within this range. 

The volume density of right atrial myofibrils was found 
tO increase slightly during the postnatal period. This was 
in keeping with the results of Nakata (108) and Hirakow et 
al. (70). The estimations were consistently several 
percentage points lower than the above authors' but Hirakow 
et al. (70) measured only those cells that showed a nucleus 
and then estimated the volume density as a function of 
non-nuclear sarcoplasm. At no point during the postnatal 
period was there a sudden large increase in the volume 
density of myofibrillar protein. There was a slight decrease 
in the volume density of the myofilaments between the 
fourteenth and the eighteenth postnatal day. This could be 
put down to inaccurate measurement but it could also be an 
indication that the cells were involved in synthetic 
activity that inhibited or diminished the synthesis of 
contractile proteins. It is interesting to note that there 
was a rapid development of the sarcolemmal invaginations and 
couplings which was taking place over the same period. 

Hirakow et al. (70) found that during postnatal 
development of right atria average cell diameters increased 
from 5.6 um in neonates to 8.7 mum in adult. Again it must be 


remembered that these authors measured only cell profiles 
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which contained a nucleus so their values represented 
diameters through the thickest part of the cells. Nakata 
(108) reported values much closer (4.5 um neonatal - 6.0 um 
adults) to the cell diameters reported in Table 2. These 
were obtained from all portions of the tapering atrial 
cells. 

Several studies reported on changes in surface/volume 
ratios in developing ventricular muscle cells. Sheridan et 
aie (130) >using* cats found aedecrease from:1.041 um for 
neonates to 0.74 um for infants to 0.47 um for adult cells. 
These authors did not account for contributions of caveolae 
or T-tubules. Hoerter et a/. (71) reported virtually 
identical values of surface/volume ratio using rabbits. This 
Seuayvedidnaccountrforetheéecontributton of.T=tubules but 
ignored caveolae. Page et a]. (113) looked at S/V ratios in 
rat ventricle and reported values of 0.5 um for weanlings 
and a slight decrease for adults to 0.36 um. These authors 
included T-tubules in their determination of surface area 
butwignorediicaveolaevaltawasSidifficuiteto tell whetherethe 
differences in the values between rats and cats and rabbits 
were real species differences or due to different 
measurement techniques. | 

The present study found little change in S/V ratios 
during the early post natal period with perhaps a slight 
decrease. There was a relatively large decrease in S/V 
ratios for adult atrial cells. The increase in volume of the 


cell during the early postnatal period was balanced by a 
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dramatic increase in caveolar and T-tubular surface at the 
eighteenth post natal day. Accumulating the boundary length 
of caveolae and T-tubules as one variable was not meant to 
oaeiy a firmly established functional relationship between 
the two structures. Rather it was just more convenient to 
measure all the sarcolemmal invaginations at the same time. 
Such a functional relationship may in fact exist but 
biochemical characterization or immunological labelling of 
membrane proteins would be needed to confirm this. 

The values for S/V at all ages were approximately 
30-40% higher than reported values for ventricle. A 
proliferation of caveolae during the development of the 
T-system in ventricular cells has been reported (73) but no 
estimations of surface area were reported. The fact that 
Sheridan eta]. (130) °and Hoerter ‘et al. (71) ignored 
caveolae may explain why the S/V ratios of early postnatal 
ventricle cells were found to decline but the S/V ratios of 
postnatal atrial cells in this study remained relatively 
constant. The fact that atrial S/V values were found to be 
consistently higher than those for ventricle may reflect a 
real difference. This study found that caveolar and T-tubule 
Surface area increased the surface area of the sarcolemma by 
45.9% in adult atrial cells. This was comparable to the 
value of 56% reported by Masson-Pevet et al]. (95). Levin and 
Page (89) estimated that caveolar contributions increased 
the cell surface area by approximately 16-20% in adult 


ventricular cells. Page et a]. (113) report the contribution 
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of T-tubules to total cell surface area of adult ventricle 
cells to be approximately 25%. Thus tubular invaginations 
and caveolae increase the surface area by similar amounts in 
atrial and ventricular cells. Ventricular cells, however, 
were of much larger diameter and the contribution of 
caveolae and T-tubules to surface area was not enough to 
compensate for the exponential increase in volume, thus S/V 
ratios of rat ventricular cells are roughly half those of 
atrial cells. 

The association seen between jSR and caveolae leads to 
a further area of speculation. Many of the short tubular 
invaginations seem to have a vesicular expansion at the end 
(Figs. 8B, 22B, 26A, 31A, 36C). One is led to postulate 
that, perhaps this was originally a caveola which was 
associated with an area of jSR. As the myofibrillar protein 
began to develop in the interior protions of the cell.the SR 
may have moved deeper into the cell to become organized as a 
Sleeve around the myofibril. The associated caveolae could 
have been drawn along with the jSR, forming a tubular 
invagination. 

Page and his coworkers have performed several 
morphometric investigations concerned with development of 
the dyads in ventricular muscle cells (112, 113, 115). Page 
and Surdyk-Droske (115) reported that the surface density 
(Sv) of peripheral couplings was 0.023 um/um SL and of 
internal couplings was 0.069 um/um SL for rat ventricular 


muscle. Thus total surface density of couplings was 0.093 
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um. From Table 3 it can be seen that for adult atrial cells 
surface densities of PCs (0.055 um/um SL) were much higher 
and of ICs (0.022 uwm/um SL) were much lower than for 
Ventricular cells; givingsa totalyofs0.077° um/um’ SLs! This 
was somewhat lower than the total reported for ventricle and 
may reflect the relative sparsity of the SR in atrial cells 
in comparison to the cells of the ventricular myocardium. 
During postnatal development of ventricular cells, Page 
and Beucker (112) found that the Sv of the PCs as a function 
of sarcolemmal surface increased slightly during the 
postnatal period and then declined to adult levels. The Sv 
of PCs showed a rapid and large increase during the period 
of T-tubule appearance and then levelled off at adult 
values. From Table 3 it can be seen that ‘the surface density 
(Sv) of the PCs increased slightly during the first two 
postnatal weeks and then increased dramatically at the same 
time that there was a proliferation of caveolae (16-18 
days). The Sv of ICs in atrial cells showed a steady 
increase over the early postnatal period. For both 
ventricular and atrial cells there was a rapid increase in 
the total Sv of couplings which was correlated with the 
proliferation of sarcolemmal invaginations. In ventricle 
this occured at approximately the tenth postnatal day and 
involved mainly ICs (113) while in atrial cells this 
occurred at approximately the eighteenth postnatal day and 
was caused primarily by a large increase in the numbers of 


PCs (Table 3). 
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The measurements performed in this study were intended 
to clarify what stimuli may be initiating the proliferation 
of sarcolemmal invaginations. It had been suggested that the 
T-system developed to allow the spread of the wave of 
excitation to myofibrils that were forming in the deeper 
areas of the cell or alternatively that more surface area 
was needed to maintain the S/V ratio of the sarcolemma. 
However, no dramatic increase in volume density of 
myofibrils or decrease in S/V ratio was seen to occur at the 
time the sarcolemmal invaginations began to proliferate in 
atrial cells. This had been reported for ventricular cells 
Poemevetl butenotYstatedcéexplreitily.(5)86);co77 307031; e58;t6s, 
mee 369 360 100he01 141 143,0029 043061139) e0Undess a 
critical value for volume density of the myofilaments or S/V 
ratio or a critical combination of the two above which a 
rapid proliferation of sarcolemmal invaginations occurs is 
postulated, then there is nothing in the data that provides 
Muehneinformationsasctotthelstimuli ' which ileadrtouT=tubule 
development or caveolar proliferation. It would seem as 
logical to predict a gradual increase in T-tubules and 
caveolae to accompany the gradual increase in volume density 
of myofibrils and the gradual decline in S/V ratios of the 
cells. Furthermore, one is forced to wonder what functions 
this increased surface area might be performing if the 
freeze fracture data is accurate and there were very few 
intramembraneous particles in the p-faces of the T-tubules 


and caveolae. 
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It may be possible to clarify these matters by looking 
at the physiological changes which take place in cardiac 
muscle during postnatal development. 

There have been several studies dealing with the 
physiological changes that take place in the excitation- 
contraction coupling process during the first few postnatal 
weeks in heart muscle cells. Excitation-contraction coupling 
in mammalian cardiac muscle appears to involve a 
Ca?*-induced release of calcium from the sarcoplasmic 
mericulum: (42) 044-48). Fabiato (45) has found that this 
process is not developed at birth but becomes established 
during the early postnatal period. Sheridan (128) reported 
that the resting potential of cardiac cells increased during 
the early postnatal period and heart tissue became 
increasingly sensitive to lowered Ca’* concentrations 
extracellularly. This suggests that an event was taking 
place whereby the interiors of the cells were becoming more 
negative with respect to the exterior. These results were 
consistent with a decrease in the internal concentration of 
free Ca?*. It was becoming increasingly necessary to provide 
Ca*” -fromceexternal stores. 

It has been shown that Na*-Ca’?* exchange at the 
Sarcolemma is more important to the contractile processes 
which occur in non-mammalian cardiac muscle (1, 28) and in 
mammalian atrial cells (33, 79) than it is in ventricular 
tissue. Hoerter et a]. (71) report that this is also the 


case for neonatal mammalian cardiac muscle. The relaxation 
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process in tissue taken from neonates and infants was found 
to be much more susceptible to reduced levels of Na* in the 
perfusate. The relaxation process was severely retarded 
under the above conditions. This suggested that neonatal 
heart cells were much less able to deal with higher levels 
of intracellular Ca?* if they could not exchange it with Na’ 
at the sarcolemma. 

The results of Fabiato (45), Sheridan (130), and 
Hoerter et al]. (71) were all consistent with the relative 
sparsity of the SR at birth and its proliferation and 
differentiation during the postnatal period. This has been 
Mmepentea by a number of authors (13, 53, 111, 113, 125, 130, 
139, 144) as well as being described in the present study. 
During the postnatal period the SR increases in abundance 
and maturity (13, 144). This was reflected in the changes 
seen in the developing myocardial tissue's response to 
variations in the external ionic environment and the 
appearance of Ca?*-induced stimulation of contraction.The 
physiological differences between adult atrial and 
ventricular cells (28, 33, 79) are also partially 
understandable in light of differences in the abundance of 
the SR. Volume density of the SR in adult atrial cells was 
found to be approximately half of the value reported for 
ventricular cells (16, 56, 111, 113). Thus Ca**-induced 
calcium release from SR would be expected to be less 
effective in atrial cells, as has been reported (45). As 


would also be expected the contractile processes Gear Bra. 
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cells were found to be more susceptible to alterations in 
Bhevextracellular ionic environment. (28, .33,+71). 

It 1s generally accepted that the 1SR of muscle 
contains large amounts of a Ca’?*-dependent ATPase which acts 
as a calcium pump, clearing Ca?* away from the myofibrils 
and allowing the muscle cells. to-relax, The.Ca?* is 
sequestered in the cisternal SR and released when the 
Sarcolemma and the T-tubules are depolarized. Without a well 
developed SR, muscle cells are dependent on trans- 
Sarcolemmal movements of Ca’* for the contraction-relaxation 
cycle. This is the case in early postnatal heart muscle 
eebls. 

The physiological studies on early postnatal 
development of cardiac muscle have looked at variables which 
can, perhaps, be best understood in light of the structural 
changes taking place in the SR. However, the information may 
also be useful in helping to understand the processes 
underlying the development of sarcolemmal invaginations. A 
physiological function one would associate with increased 
Pei race area would be increased transport of ions across the 
cell surface membrane. Higher proportions of PCs as opposed 
to ICs should lead to marginally shorter latencies to 
contraction. These differences were seen when comparing 
adult atrial cells to adult ventricular cells (28,33,79); no 
information was found concerning changes in these 
physiological processes which may be occuring during the 


early postnatal period. 
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The high degree of development of the caveolae in 
atrial cells must compensate to a certain extent for the 
relative sparsity of the SR. The cells need to be more 
efficient in transarcolemmal transport of ions. The 
proliferation of caveolar complexes during postnatal 
development and their persistence in adult atrial cells 
would act to keep S/V ratios particularly high and help 
compensate for the less well-developed ability to regulate 
intracellular Ca’** concentrations by sequestration in an 
intracellular compartment. 

The latency to contraction was found to be considerably 
Shorter for adult atrial cells than it was for adult 
ventricular cells. This may be an indication that transport 
of Ca** across the sarcolemma of the smaller atrial cell and 
Subsequent diffusion of the ion to the vicinity of the 
Refer ils is a moderately rapid process. This is possible 
as the atrial cells are of small diameter and the myofibrils 
are all relatively close to the cell surface, compared to 
the internal myofibrils of the much larger ventricular 
cells. The fact that the great majority of atrial couplings 
are peripheral may also shorten the latency as the wave of 
depolarization does not have to spread throughout the 
T-system. Although no evidence was found concerning changes 
in contraction latency during the early postnatal period, it 
may be presumed that in neonates contraction occurs very 
rapidly in the relatively small atrial and ventricular 


cells. As the cells increase in volume and couplings form, 
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the processes underlying contraction become more complex and 
latencies to contraction would be expected to lengthen. As 
the ratio of PCs to ICs falls during postnatal development 
the latencies probably become even longer; the transport of 
the wave of depolarization through the T-system must take a 
finite, albeit a very short, time. 

The data presented in Tables 1, 2 and 3 demonstrated 
that there were only two structures that showed rapid spurts 
of growth during the early postnatal period. These were the 
SR and the invaginations of the sarcolemma. In ventricular 
cells this was seen as a rapid development of the 
T-tubules,and a proliferation of SR and internal couplings 
62, 6112) ssin-atrial cells. this was seensvas acformationsof 
short tubular invaginations and a rapid proliferation of 
caveolae, SR tubules and peripheral couplings (Table 3). It 
has been suggested that the formation of SR from the 
granular ER present in the neaonatal state takes a certain 
length of time. Even the smooth ER seen during the early 
stages of postnatal development may not be functioning as SR 
(13). Ltemay, be that it:is only when ‘the|bulk of the SR is 
fully matured (presumably at the tenth postnatal day in 
ventricles and at the sixteenth postnatal day in atrium) 
that it is able to form couplings. While some SR may be 
mature in neonatal animals the vast majority remains as 
granular ER and is acting to synthesize proteins for the 
dividing cells. Ventricular cells became larger at an 


earlier age and it may be that more of the ER becomes 
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actively engaged in the regulation of Ca?* movements at an 
earlier age to allow coordination of contractile events at 
the interior of these larger cells. Thus the SR may undergo 
a rapid maturation at the tenth postnatal day, peripheral 
couplings may be formed and T-tubules drawn into the cell. 
Proliferation and branching of the T-system in ventricular 
cells must be a more complex process than the formation of 
the simple tubules seen in atrial cells. In atrium the cells 
are smaller and perhaps more of the ER is involved in the 
production of specific granules and less available for 
Maturation and formation of couplings. This may explain the 
week's delay in the formation of peripheral couplings and 
the proliferation of the caveolar complexes in atrial cells. 
In any case, it seems reasonable to suggest that it is the 
proliferation and maturation of the SR and the ability of 
the jSR to form couplings which is the stimulus which 
initiates proliferation of sarcolemmal invaginations. The 
Other factors such as S/V ratios and degree of development 
and organization of myofibrillar protein are likely 
secondary to the maturation of the SR. They may themselves 
be dependent on this maturation. 

Claycomb (29) found that at approximately the middle of 
the second postnatal week DNA replication stopped and the 
growth of the heart was no longer hyperplastic but became 
dominated by hypertrophy of existing cells. This might 
explain why the nuclei of atrial cells began to exhibit less 


irregular shapes in the heart tissue taken from sixteen to 
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eighteen day postnatal animals. It also corresponds with the 
chronology of caveolar proliferation in atrial cells. This 
may indicate that the development of the invaginations are 
related to the maturational state of the genetic apparatus. 
The earlier proliferation of the T-tubules in ventricular 
cells (8- 10 days postnatally) argues against this 
interpretation. Perhaps, even as early as the tenth 
postnatal day some of the ventricular cells have become 
terminally differentiated and the T-tubules develop in these 


cells. 


Further studies on the morphology of the T-tubules and 
the caveolae, and their relation to the SR are certainly 
necessary. Recently, differences have been demonstrated 
between SR and sarcolemmal Ca’?*-ATPases uSing indirect 
immunoflourescent labelling techniques (75). These and other 
antibody labelling techniques should prove useful in 
demonstrating the contrasting morphology of caveolae, 
T=tubules and»>the sarcolemma ofocatrial and ventricular 
muscle cells. The freeze-fracture appearance of the caveolae 
and T-system needs to be clarified; comparisons between the 
freeze fracture appearance of the sarcolemma and its 
invaginations should provide useful morphological 
information. The freeze-fracture morphology of the couplings 
in cardiac muscle is considerably less well understood than 
that of the triads of skeletal muscle. In conclusion, 


although some useful information concerning the morphology 


ehidGes tices o246 af _abamins Batenteeq 


eft ciiv 


wohirsnc OS 26 qoieveb afd dems’ 
ateareo elt 10 9s8ve ingests aaeian 


relustasiey of Sefuder-T. 902 30 noi tayeti lems 
if 3 :SsP < } 
Sita =} - > a 
goned sved elis> 36+ 
sa 2 sieved  29.U0! 
pits efitits~T oeht-te yooLod gy cat eas ge eoiGuse «7 


. (ah age. Raoetsi c oi*goisi: tied? Gis - 
sa se7tanowsb. NWae0 syed ssouats tide ope tisodt. 
#heunthal. ogies, spesqra~ "Ae lemes foxane 5a68 
ssizs bre seéia « (2b) esupeedoey gniltedad- | 
12 futedu siiotd Wleode Bavetqioes gatliedal 
salsaves im Sar iaikysor pnt 1SayyHes ot + _ 
teiasi2snea haw Wel sse: 29 jume 42768 ‘ad3. bre eli 
sgfosve: =f ia sonerasge. Stuzaees hee ait aed of 
sid Aoswited 2tosi a ia 4 wee tesaety aa..02 ebeen | 
$3i bas ammeloogse 847 fo SITS ThE | 
isvipolodgion lutsac estvoty hiveds 
epakiquis- edt Jo ypelmigaéem -7useatinesesss nts 
nad? Sosrtsetru fiewoeeet eae et ota 9 
<merteulenos, «i iain tewedete: 9 sbeiaa s 


ypeitsiguen sd: pain@sonos siya totem « 


* 


1 


70 


of developing T-tubules in cardiac muscle has been provided 


considerable work remains to be done. 


A. Summary and Conclusions 

It has been suggested that the T-tubules in ventricular 
myocardium developed by a repeated caveolation of the 
Sarcolemma. It has also been generally reported that 
mammalian adult atrial cells have few, if any, T-tubules. 
Preliminary studies have shown that tannic acid mordanting 
is extremely effective at delineating sarcolemmal 
invaginations, the caveolae and the T-tubules, and has 
demonstrated that T-tubules are not as rare as had been 
suggested. It is felt by the author that repeated 
caveolation at the sarcolemma might not adequately explain 
the process of T-system development. The aim of the study 
was to investigate the postnatal development of sarcolemmal 
invaginations in the atrial myocardium of the rat using 
tannic acid mordanting to aid in the visualization of the 
early stages of T-tubule development. 

The present study has shown that, indeed, a 
proliferation of caveolae and the formation of complex 
clusters of caveolae did occur during the third week of 
postnatal development, approximately at the same time 
tubules appear. Although the processes are chonologically 
correlated they do not seem to be sequential. It is thus 
suggested that the formation of caveolar complexes is 


unlikely to be the first step of T-tubule formation; tubules 
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do not often appear as strings of caveolae and the caveolar 
complexes persist in the adult. 

T-tubules are reported to start appearing in 
Significant numbers in ventricular cells at approximately 
the tenth postnatal day. The proliferation of sarcolemmal 
invaginations in atrial cells is found to occur several days 
later. It has been speculated that increasing cell diameters 
during the postnatal period might induce T-system formation 
as a means of maintaining constant surface to volume ratios. 
Alternatively,it was felt that the progressive development 
of centrally located myofibrils would require a T-system to 
permit co-ordination of the contractile process. In an 
attempt to differentiate between these possibilities a 
morphometric study has been carried out. Measurements of 
cell diameter, volume density of myofibrillar protein, and 
Surface density of caveolae and T-tubules, as well as 
Surface density of internal and peripheral couplings have 
been performed. It was found that cell diameter and volume 
density of the myofilaments increased gradually throughout 
the first three postnatal weeks. Both the caveolae and 
T-tubules and the junctional SR (in the form of couplings) 
increased in abundance dramatically between the fourteenth 
and sixteenth postnatal day. 

T-tubules were seen to develop in small diameter cells 
(of much smaller diameter than had been suggested to be 
necessary to induce development of the T-tubules in 


ventricle) and often atrial cells containing sparsely 
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developed myofilaments had a relatively extensive T-system.,. 
For these reasons as well as the fact that no large increase 
in surface/volume ratio or level of myofibrillar development 
is seen &é CScunrpostnatalby,aittis febtathatethe 
development of sarcolemmal invaginations may be induced by 
some other factor. 

The morphometric data suggested that the proliferation 
of sarcolemmal invaginations was related, at least 
chronologically, to the development of the jSR and the 
formation of couplings. The physiological changes that have 
been reported to occur during the postnatal period are 
consistent with these observations. Thus the maturation of 
the SR and the proliferation of the T-tubules and caveolae 
are seen to occur at the same time. 

Tt is felt that while mechanical, chemical, and 
electrical events may greatly influence the maturation of 
the SR, this maturation is ultimately under the control of 
genetically coded processes. As the jSR matures and 
peripheral couplings form, the Golgi bodies would have been 
producing membrane vesicles to augment the formation of 
caveolar complexes. This latter process occurs, perhaps, as 
a response to decreasing surface to volume ratios. The 
T-tubule invaginations are possibly formed as elements of 
jSR involved in peripheral couplings are being drawn into 
the interior portions of the cell during the organization of 


the SR into sleeves around centrally located myofibrils. 
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Biiiseit 1S concludéd thatwgat least in atrial celis; 
the formation of the T-tubules is not by repeated 
caveolation at the sarcolemmal surface. The maturation of 
the SR and the proliferation of the caveolar complexes are 
chronologically synchronized as genetically coded postnatal 
changes. The maturation of the jSR and the formation of 
couplings are likely major factors in the inducement of 


T-tubule invagination. 
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V. TABLES 


ble 1. Means and standard deviations of body weight, heart 


Poee and right atrial weight for rats of various postnatal 
es. 


SENATAL NEONATE 7 DAYS 14 DAYS 18 DAYS 21 DAYS ADULT 
AGE 

dy Wt. . 262 TOU7 2782 STUSSE oO St SISVOGL SZ9TRZ0E 
(g) Da Vege, 2.06 5200 6.29 25204 

Heart Sot LOG. 2+ S25 202 ASL Ose “7502 Os wie a0 £ 
a (img) ets, 2.0 14.6 33:56 SO 147.9 
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ble 2. Mean right atrial cell diameters measured from low power 
000X) electron micrographs for rats of various postnatal ages. 
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Table 3. Means and standard deviations of myofibrillar volume 
density (VvMYOF) and surface density (Sv) of peripheral 
couplings,internal couplings and caveolae + T-tubules estimated 
from electron micrographs (magnification = 15,000X) of rat right 
atrial myocardium. 


POSTNATAL NEONATE iE DAYS 14 DAYS 18° DAYS 21 DAYS ADULT 
AGE 
VvMYOF SSC seer 41.09%. 40.794 442062 Senate 
(% cell 8.68 8.72 8.93 8.93 8.53 7273 
volume) 
SvPC 0.0174 0.0214 0.024+ 0.50+ 0O.067+ 0.0544 
(um/um 0.014 0.016 0.018 0.036 0.028 6.0341 
SL) . 
SvIC O70 2020014 0.004+ 0.010+ 0.016+ 0.022+ 
(um/um O20 0.002 0.007 Ov0.10 0.014 0.025 
SL) 


SvCav+T 0.1274 0.128+ 0.136+ 0.306+ 0.361+ 0.459+ 
(um/um 0.062 0.049 0.050 O01 0.109 Gat2s 
SL) 


oer 


(2. s1ottat ee Raeilets 
vf) viteres peg poe: 


Ps 


tos gprs igued. 
i Piper 2aQH 


avat.2t- Pat 


“436, at 0 
G20.> 20.0 


VI. FIGURES 


Figures 1 - 36 contain electron micrographs obtained from 
the right atrial myocardium of rats of various postnatal 


ages. All of the tissue was mordanted with tannic acid. 
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Figure 1. Well-mordanted adult cells in longitudinal 
section. Note: Abundance and degree of 
organization of the myofilaments. Banding pattern 
of dark A bands and light I bands, Z-lines 
transecting the I band, lighter H bands in the 
middle of the A bands. Branching of myofibrils is 
evident. Lumen of blood vessels (L) and 
endothelial cells with micropinocytotic vesicles, 
small unmyelinated axon adjacent to capillary 
(upper left). Intercellular junctions; tight 
junction (Tj), intercalated discs (id, and 
elsewhere), lateral cell-cell contacts. Rows of 
mitochondria (M) separating myofibrils. Sleeves of 
SR tubules (sr) partially surrounding the 
myoOfilaments. Caveolae are seen as dense black 
vesicles (small black arrowheads, upper left). 
Peripheral couplings (large white arrowheads) and 
coupling between SR and caveolae (small white 
arrowheads, lower right). x9,100. 
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Figure 2. Adult cells in longitudinal section. Note: 
Relatively poor infiltration of tannic acid. Large 
central nucleus (N) with regular profile. Other 
features similar to Figure 1. Caveolae (small 
black arrowheads, centre left) more difficult to 
visualize. x6,900 
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Figure 3. Adult cells, well-mordanted, oblique section. 


A. Note: caveolar complexes (large white 
arrowheads) at sarcolemma and possibly mordanted 
tubules in interior regions (large black 
arrowheads) at Z-lines. x6,200. 


B. Endocardial surface, Note: endothelial cells 
(en) and degree of development of underlying 
connective tissue. Small unmyelinated axon (a). 
Development of intercellular collagen (cf). 
Apparent difference between degree of myofibrillar 
development in cells directly below endocardial 
Surface. x6,000 


A 


& 
i 
f 
he 
i. 


$2 


_ - t 
t 


-? @typ ta 
“ its j 
; 
f < ~~ ; 
oy 
rr 
, oy 
viet 
f 4% 
es Pit 
C5 tah 
. = The * 
- aL 7, 
Aes 
ri seul, =s 
a 
1 
as . > 
f 
-4 ‘ 
zs ri. sud 
a. Ne oe - 
7 
<4 "ig 
ae 
iy 


Figure 4. Trabecula from adult, oblique section. Note: 
endocardial surface on both sides of myocardial 
cells. Robust collagen fibrils (cf). Cell-cell 
junctions at lateral edges of cells (T), abundant 
caveolae at cell surfaces and invaginations to 
interior of cells (small black arrowheads,centre 
left, adjacent to endothelial surface). x9,300 
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Figure 5. Adult cells, oblique section. Note: Branching of 
myofibrils, aggregation of specific granules (SG), 
rows of mitochondria (M). Penetration properties 
of tannic acid limited to superficial areas. 
Caveolar complexes (c) at surface and deeper 
within the sarcoplasm. x14,000 
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Figure 6. A. Adult cells, transverse section. Note: 
appearance of thick myofilaments (MF) as large 
round dots, thin filaments much smaller. Z-line in 
cross-section (z, centre right) much less 
distinct. Incomplete delineation of myofibrils by 
tubules of the sarcoplasmic reticulum (sr). 
Caveolae at cell surface and possibly in central 
regions (small black arrowheads, upper left). 
Peripheral couplings (large white arrowheads). 
x16,700 


B. Adult Cells, oblique sections. Note: caveolar 
complexes and tubules in more central regions 
(small black arrowheads, centre). Internal 
coupling (large black arrow). Development of 
sarcoplasmic reticulum (sr). Association between 
SR and caveolae (large white arrowhead). x15,600 


Figure 7. Adult Cells, well-mordanted. 


A. Note: Caveolar complex (c) and relation to SR 
(small white arrowhead). Internal couplings (ic) 
at Z-lines. x19,80U. 


B. Note: T-tubule (T) and internal couplings with 
the SR (ic). Appearance of peripheral couplings 
with dense bridges in gap (large white arrowhead). 
x49,800 
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Figure 8. Adult Cells. A. Note: Caveolae, caveolar 
complexes (c) and their relation to sarcoplasmic 
reticulum (sr). x27,600. 


B. Note convoluted T-tubule (T), continuity 
between adjacent caveolae (E). x62,400 


C. Note: Endothelial cell (en) with 
micropinocytotic vesicles clearly in continuity 
with the ECS (small white arrowheads), less well 
infiltrated than caveolae. Caveolar complex (C) 
and relation to SR (large black arrowhead). 

X35 ,200% 
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Figure 9. Neonatal cells, transverse section. Note: small 
size of cells (compare to Fig. 1). Large 
intercellular clefts (ecs). Frequency of 
fibroblasts (F). Scattered, small mitochondria (M) 
and specific granules. Irregular shaped nuclei 
(N). Relatively well-developed aggregations of 
myofilaments (MF) mainly towards cell periphery. 
Absence of SR sleeves around myofibrils and 
relative sparsity of caveolae (small black 
arrowhead, centre). x9,200 
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Figure 10. Neonatal cells, oblique section. Note: Sparsity 
of collagen at endocardial surface (en). 
Intercellular clefts (ecs). Immature appearance of 
cell-cell contacts. Degree of disorientation of 
myofilaments (MF) between adjacent cells and 
within cells. Dispersal of specific granules (sg) 
and mitochondria in central regions relatively 
devoid of contractile apparatus. x7,500 
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Figure 11. Neonatal cells, transverse section. This is a 
higher magnification of material in Figure 9, 
Note: Myofilaments (mf) appear less well oriented 
than at lower power. Infrequent caveolae (small 
black arrowheads, centre). Apparent invaginations 
into cell (small white arrowheads) which are more 
likely furrows or folds of the cell surface. 
Sparsity of the sarcoplasmic reticulum, most of 


which appears as granular endoplasmic reticulum 
(er). x16,500 
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Pigure, 42. 


Neonatal cells, transverse section. Note: 
Disorientation of filaments (mf). Immature, 
thickened Z-lines (z). Poorly developed cell-cell 
contacts (J). Well developed Golgi (G) and 
associated clear vesicles and atrial specific 
granules. Abundance of granular endoplasmic 
reticulum (er). Occasional peripheral couplings 
(large black arrowheads and elsewhere). Lipid 
droplet (LD). x23,000 
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Figure 13 A and B. Neonatal trabecular tissue. Note: Lack 
of connective tissue underlying endothelial cells 
at luminal surfaces (L). Large intercellular 
clefts (ecs). Fibroblast activity (F). Immaturity 
of cell-cell contacts (id). A. «14,600. B. 
x10,000. 
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Figure 14. Seven day postnatal tissue, trabecular surface, 
transverse section. Note: Decrease in the size of 
extracellular clefts. Fibroblast activity (F). 
Increased abundance of myofilaments, organized in 
more central regions as well as peripherally. 
Appearance, distribution and organization of 
tubules of SR surrounding myofilaments (small 
white arrowheads, upper left, upper right, centre) 
as well as granular endoplasmic reticulum. Note: 
Increased frequency of peripheral couplings (large 
black arrowheads, centre) and caveolae (small 
black arrowheads). x21,000. 
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Figure 15. Seven day postnatal cells, longitudinal section. 
Note: large intercellular clefts (ecs) have not 
completely disappeared. Cell-cell contacts (id) 
Still immature. Cells are still small compared to 
those of adult (eg. Figure 1). Myofilaments (mf) 
much more highly oriented, but myofibril-like 
units are of very small diameter. Mitochondria 
lining up into rows between contractile apparatus. 
There are still areas in most cells devoid of 
myofilaments. Occasional caveolar complexes (small 
black arrowheads, upper centre) and possible 
tubular invagination and internal coupling (star). 
x8,800. 
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Figure 16. Seven day postnatal cells, transverse section. 
Note: Immature appearance of capillary endothelial 
cells with thickened walls (L). Some nuclear 
profiles appear more rounded (N) but some are 
still irregular. High degree of myofilament 
organization (mf) and abundance of sarcoplasmic 
reticulum tubules (sr) surrounding myofibrils. 
Granular endoplasmic reticulum (large white 
arrowheads) still relatively abundant. Peripheral 
couplings (large black arrowheads) and caveolae 
(small black arrowheads). x13,100. 
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Figure 18. Seven day postnatal cells. 


A. Transverse section. Note: at this higher 
magnification it is possible to see that while 
many of the tubules surrounding the myofilaments 
appear to be smooth, sarcoplasmic reticulum (sr), 
many are elements of granular ER with attached 
ribosomes. Peripheral couplings continuous with 
elements of SR which pass towards the central 
regions of the cell (large black arrowhead). 

X23, 500 


B. Epicardial surface (to right), lumen of blood 
vessel (to left). Note: High degree of fibroblast 
activity (F) elaborating the collagen fibrils (cf) 
at the epicardial surface. Small nerve fibre and 
associated Schwann cell (s). x10,500 


Figure 19. Fourteen day postnatal cells, trabecular area. 
Cells are still quite small, comparable in size to 
neonate (Figure 9) and seven day (Figure 15) 
cells. Intercellular clefts not as prominent. 
Active fibroblasts (F) still seen frequently. Many 
nuclei still have irregular profiles. Note: 
Increased abundance of myofilaments (mf) in 
central regions of cells and slightly larger 
diameters of myofibrillar units. Caveolae (small 
black arrowheads, centre and upper right) less 
visible in this material less well infiltrated 
with tannic acid. x9,700 
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Figure 20. Fourteen day postnatal cells, oblique sections. 


A. Note: Divergent orientation of myofilaments in 
adjacent cells. Some cells almost filled with 
myofilaments, others relatively more immature in 
appearance. x7,200 


B. This is an area where the cells have very 
little development of myofibrils. Note: Cell-cell 
contacts becoming more mature (Jn). Caveolae 
(small black arrowheads). x7,000 
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Figure 21. Fourteen day postnatal cells, transverse 
sections. 


A. Note: Endothelial cells, encircling lumen (L) 
of blood vessels, still rather thick. Myofibrillar 
development well advanced in some cells. Granular 
endoplasmic reticulum (er) still abundant in some 
cells. x11,900. 


B. Note: Degree of development of SR compared to 
cells seen in A. Specific granules (sg) becoming 
larger than those of neonatal and one week 
postnatal myocardial cells. Coated vesicle (white 
arrowhead, upper centre). Peripheral couplings 
(large black arrowheads) well-developed and 
Slightly more abundant. x42,200 
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Figure 22. Fourteen day postnatal cells. 


A. Transverse section. Area where myofilaments are 
extremely abundant, packing the cells. Note: cell 
at left where orientation of myofilaments is 
irregular. Peripheral couplings (large black 
arrowheads). Caveolae becoming slightly more 
abundant, tubular invaginations are seen more 
frequently. x16,700 


B. Longitudinal section. Further evidence of 
caveolar development and tubule formation (small 
black arrowheads, lower left). x17,600 
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Figure 23. Sixteen day postnatal cells, oblique section. 
The endothelial cells at the endocardial surface 
(E) appear attenuated compared to the endothelial 
cells of the capillaries (L). Elastic fibrils (EF) 
as well as collagen are lying between the 
endocardial endothelium and the muscle cells. 
Myocardial cells are still not noticeably larger 
than earlier stages but intercellular clefts 
appear much reduced. Individual cells have a 
mature appearance, filled with myofibrillar 
protein. Mitochondria are generally pushed into 
the clefts between the myofibrils. Nuclei tend to 
have more regular outlines than those seen at 
earlier ages. Note: Tannic acid penetration 
superficially. Caveolae (black arrowheads) appear 
numerous when filled with tannic acid. x8,500 
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Figure 24. Sixteen day postnatal cells. 


A. Oblique section. Note: myofibrillar (mF) 
development. Particularly note abundance of 
caveolae (small black arrowheads, centre and 
centre left). x12,600. 


B. Transverse section. Sarcoplasm reticulum (SR) 
appears to be very well-developed around bundles 
of myofilaments. The bundles appear larger than 
those seen at earlier stages (Figure 21) 
incompleteness of sleeve of SR indicates branching 
of the myofibrils. Elements of granular 
endoplasmic reticulum are still relatively 
abundant (er). Note: caveolae (small black 
arrowheads, right and upper right). Particularly 
note abundance and large size of peripheral 
couplings (large black arrowheads). x53,900 
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Figure 25 A and B. Sixteen day postnatal cells, oblique 
sections. Note: abundance and increasing 
complexity of sarcolemmal invaginations (small 
black arrowheads, centre and upper right). A. 
x¥20,300 8. 216,800 
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Figure 26. Sixteen day postnatal cells. A. T-tubules (TT) 
appear more frequently, invaginating towards 
Z~lines. 2567100. 


B. T-tubules sometimes appear to branch x53,900. 


C. Internal couplings are also more frequent, 
often at or near Z-lines. x19,500 


T29 


Figure 27. Eighteen day postnatal cells, longitudinal 
section. The individual cells are still relatively 
small but appear very mature. Intercellular clefts 
are very much reduced. Myofilaments appear to 
occupy most of the sarcoplasm and myofibrillar 
bundles are larger, tubular elements of SR are 
seen to be well-developed between the bundles of 
myofilaments. Sarcolemmal invaginations are very 
apparent. Note: caveolar complexes and tubular 
invaginations (small black arrowheads,centre 
right). x10,900 
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Figure 28. Eighteen day postnatal cells, oblique section. 
Endocardial endothelium (E) very much attenuated. 
Collagen fibrils (CF) of endomysium more robust. 
Fibroblasts (F) are still seen frequently. Note: 
abundance of caveolae (small black arrowheads, 
centre and upper left). x9,300 
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Figure 29. Eighteen day postnatal cells, transverse 
section. 


A. At this magnification development of the SR is 
apparent. Note: Caveolae (small black arrowheads). 
Peripheral couplings (small white arrowheads) are 
particularly numerous. Granular endoplasmic 
reticulum (er) is still seen frequently, 
occasionally continuous with a peripheral coupling 
(centre of figure). x14,800 


B. Similar to A. Note: Golgi apparatus (G) and 
associated specific granules. High degree of SR 
Organization. Z-material in cross section (Z). 
Peripheral couplings (small white arrowheads). 
x17,900 
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Figure 30. Eighteen day postnatal cells. 


A. Oblique section. Some areas still retain a 
relatively immature appearance with a moderate 
amount of space between the cells and central 
areas of the cells relatively devoid of 
myofilaments. Note: Fibroblast activity (f) still 
seen. Capillary lumen (L) and thick capillary 
endothelial cells with micropinocytotic vesicles. 
Granular endoplasmic reticulum (er) abundant in 
some cells. Numerous caveolae (small black 
arrowheads). x8,400. 


B. Cell with a mature appearance. Well developed 
and abundant myofibrils (mf) delineated by tubules 
of sarcoplasmic reticulum (sr). Abundance of 
caveolae. Note: Branching T-tubule (t) in interior 
of cell. x30,600 
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Figure 31 A and B. Eighteen day postnatal cells, oblique 
sections. 


Note: abundant caveolae, convoluted T-tubules 
arising at Z-lines. Peripheral coupling at arrow. 
A and B. x43,000 
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Figure 32. Eighteen day postnatal cells, oblique sections. 


A. Note: T-tubule (T) appears to be giving rise to 
caveolae. Peripheral coupling (large black 
arrowhead) x43,400 


B. Note: Caveolar clusters are becoming very 
complex (cc) and T-tubules are sometimes seen 
running parallel to sarcolemma (tt). x78,800 
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Figure 33. Twenty-one day postnatal cells,oblique sections. 
Cells seem slightly larger and intercellular 
clefts have all but disappeared. Capillary 
endothelial walls are still quite thick. Most of 
cells appear to be tightly packed with 
myofibrillar protein. The mitochondria are 
regularly arrayed, delineating the bundles of 
myofilaments. Sarcoplasmic reticulum cannot be 
distinguished at this low magnification. 
Fibroblasts are still active and the collagen 
fibrils of the endomysium are quite well developed 
in some areas. Most nuclear profiles appear to be 
quite regular in outline. 


A. Note: collagen (cf) and elastic fibrils (ef) at 
endocardial surface (E) are particularly well 
developed. Aggregations of atrial granules are 
seen towards the central regions of some cells. 
x5, 700 


B. Note: fibroblasts (F) and robust connective 
tissue containing a larger blood vessel (top 
centre). Golgi bodies (G) are seen in the centre 
of several cells surrounded by specific granules. 
Cells in central region appear to have less 
abundant myofilaments. x4,400 
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Figure 34. Twenty-one day postnatal cells, longitudinal 
section. Myofibrils seem of smaller diameter but 
fill the sarcoplasm and are clearly delineated by 
tubules of the SR and rows of mitochondria. The 
organization of the myofilaments is very regular. 
The sarcomeres are in register across the width of 
the cell. This was seen in some cells from 
eighteen day postnatal animals (Figure 27) but was 
not as regular as is seen here. Extracellular 
Space is much reduced. x6,800 
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Figure 35. Twenty-one day postnatal cells, transverse 
section. Degree of development of myofibrils and 
Organization of the sarcoplasmic reticulum 
particularly well demonstrated. Peripheral 
couplings (pc) appear abundant and are quite 
large. Granular endoplasmic reticulum (er) is 
still relatively abundant. A. note apparent 
coupling between SR tubule and two caveolae (ic). 
Appearance of Z-disc in cross-section. x74,000 


B. Note: possible T-tubule with vesicular 
expansion (T), this may just be a fold at the edge 
of the cell. x43,400 
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Figure 36. Twenty-one day postnatal cells. 


A. Longitudinal section. Note: robust development 
of collagen fibrils (cf) and elastic fibres 
underlying the endothelial cell (E). Some of the 
myofibrils (MF) are becoming quite large in 
diameter. Cell-cell contacts are beginning to 
appear more like intercalated discs (In) Grazing 
section of sarcoplasmic reticulum (sr) showing a 
high degree of organization. Abundant caveolae 
forming clusters (cc), closely related to SR. 
Tubular invaginations and internal coupling (ic). 
x14,000 


B. Note: T-tubule and well-developed dyad (ic) at 
a Z~line. «35,300 


C. Note: Beaded shape of upper T-tubule and 
well-developed internal coupling (ic). The beaded 
Shape gives the impression of a string of caveolae 
but may just be a convoluted tubule running in and 
out of the plane of section. 
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Figure 37. Diagram of a grid indicating location of the 
grid spaces used to obtain electron micrographs 
for stereology. 
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Figure 38. Plots of means and standard deviations of 
surface density (Sv) of caveolae and T-tubules 
(cav), peripheral couplings (pc) and internal 
couplings (ic) as a function of sarcolemmal 
surface for various postnatal ages. (*=p<.01, 


f=p<.01, #=p<.01). 
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Figure 39. Plots of the means and standard deviations for 
the volume density of the myofibrillar protein(in 
% of cell area) and cell diameters (in um.) as a 
function of postnatal age. Values were obtained 
from Table 3. (*=p<.01, **=p<.01, $=p<.01). 
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Figure 40. The MOP-3 digitizer manufactured by Carl Zeiss 
Ltd. 
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Table A1l.1 Cell Area on Micrographs (mm?) 

NEONATES 7 DAYS DAYS 18 DAYS 21 DAYS ADULT 
15796.6 14482.2 26.3 12066.8 18999.3 15870.4 
16779.0 15951.7 13587.1 12974.7 19880.8 17894.5 
15183.6 14089. 1 19775.3 14516.9 18269.7 16747.0 
17436.8 16104. 1 : 16518.9 17691.6 17567.1 
16939.3 18287.6 16488.4 15861.4 18353.1 
16900.6 19780.0 12031..7 20138.9 17382.2 
13095.9 10026.9 18256.7 16147.8 179709 
17230.9 16898 .2 12033.5 17195.5 19036.5 
15691.8 19972.4 13967.1 17292.1 17820.2 
12911.9 12361.0 17639.7 16066. 3 18502.6 
15070.8 17668.9 12490.6 10021.6 17832.1 
13459.2 19951.8 15744.8 15593.1 18368.9 
14362.8 15812.9 17356.6 16754.1 18150.6 
15705.9 AG2 te. | 14041.1 20997.5 16239.8 
$3322.1 19362.5 16914.6 18789.4 192992. 1 
17890.4 13767.1 13894.9 13362.9 15902.5 
17635.3 10286.7 15119.0 ABITD.3 13220.2 
17605.2 15670.0 15042.7 15342.2 17607.0 
17384.2 18342.0 3 16636.5 20661.8 16863.2 
17445.6 18246.0 6 13453.0 13416.0 1742223 
18052.3 15436.4 5 13936.4 16725. 1 16756.8 
$2582.9 6223.0 7 16798.2 14952.4 18368.8 
18481.1 19451.8 : 13366.5 18535.1 15012.2 
18706.1 17806.5 2 13391.8 12258.3 17014.8 
14002.6 19586.9 7 18647.0 19251.2 16665.2 
12789.8 1973%.2 6 15642.9 19550.5 19209.3 
PTT SD 9262.6 0 12863.0 16573 .7 S923 43 
171286 15018.2 . 17518.1 15390.5 16325.5 
159626 14930.2 8 {4722.2 13659.5 16545.4 
18624 .4 11795.7 at 18082.9 17374.2 16968 .7 

9287 6 9247.5 4 17714.1 17986.4 16651.2 
18307.2 ViBH2.3 28 8104.3 19011 5 17869.6 
aGd 6 18212.1 8 (3084.4 14218.6 (BS72. 1 

; ; 4 656.2 1912.1 19345.8 
16145.7 14364.8 4 Ls 3 

9722.3  18378.0 he ee 
; 6.4 ai 13302.9 15226.1 18672.8 

tee eter 3 13401.8 19196.2 17964.9 
16093.4 eee 3 10365.5 16877.7 13347.3 
eee Nee 5  18434.9 18692.2  18209.3 
Bate toS 14685)..7 , 11843.7 216025.3 T5274 .0 
O02 5 i 12769 ..7 9 16321.5 18785..2 AS05176 
1OTtS.7 tS «5 3 12945.9 20242.3 19356.0 

2h I dep 3058.1  18412.1 17484.1 
$53 h0.S 19736.7 3 aca .7 41441.7 14717.5 
17597.9  16259.4 4gi75.3 «210022 -s«*15404.8 
pease. = 1820.6 7 878.9 20751.8  16711.6 
19268.0 14551.4 14093.8 10 
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Table A1.1 continued 

NEONATES 7 DAYS i4 DAYS 18 DAYS 21 DAYS ADULT 
17940. 1 10026.0 13741.6 10911.2 13281.4 14268.3 
16591.8 18358. 1 13827.9 15037.6 17700.3 11056.8 
16842.9 17690.5 if : 16863.3 19904.1 12852.9 
18911.6 13258.1 i 8 14295.5 18140.1 19530.3 
11341.6 6979.5  20096.3 8066.3 15800.4 14835.2 
17258.0 18892.6 13116.9 9491.2 19009.2 18569.2 
18473.8 10978.5 19576. 1 8023.9  19625.1 1ig2<4 
18443.0 12493.9 (9347.3 14234.0 7845.7 18979.9 
18564.6 16347.4 19231.9 15799.6 18454.6 1209322 
16971.6 15313.9 13436.8 14457.0 12178.7 12956.4 
18444. 1 14202.4 17370.5 19633.3 18551.9 15188.4 
14315.3 14284.1 17574.0  20300.3 15018.5 16955.0 
17603.0 15079.4 (5236.5  21212.6 13930.3 15970.9 
16221. 1 18367.0 18155.8 19810.3 18034.2 18259.4 
16277.5 15984.4 17151.7 14346.1 16459. 1 19658.7 
16543.2 12575.3 (7060.4  20766.4 17109.2 17247.8 
14626.2 19403.6 6285.5 20527.6 19573.7 16340.7 
14999,7 9586.8 18060.9 19237.7 11709.4 14757.5 
17511.5 15329.7 15585.2 (9148.7 14467.3 17395.5 
12614.3 17800.6 17734.3 17242.9 16925.3 17477.4 
11827.0 18240.2 (6987.7 16823. 1 19980.2 14407.0 
11959.0 17005.1 15990.2 19821.4 13555.2 18616.2 
13865.1 15589.4 (1916.9 11396.7 12583.0 15576. 1 
17524.0 12939.3 = 17230.5 15902.9 11916.0 
16989.5 14659.2 8 16922.7 19700.8 17214.3 
16275.1 15124.2 a 13080.3 15605.9 18835.5 
18251.8 13067.4 “3 17089.4 19623.5  20131.6 
144892 13280.2 3 17321.0 19442.9 15278.0 
149021 15431.1 . 16465.0 15468.9 19582. 2 
ce aie 3 19640.5 17314.5 17732.0 
es any 5929.7 11377.0 19365.5 18934.2 
ERE 198855 3388.5 15516.9 18488.0 18428.6 
981. @ 17535.9 19052 .2 19742.9 18245.4 162437.5 
16154.9 16805.4 12418.9 cep ese He pri 

12434.8 1 : 

eed ae : 17038.9 16314.5  19156.7 18684. 1 
fess.0- «= taset.6 §«=— 186489.8 «| 100NG.7 195888 ISTE 

17495.0 19215.6 14364.3 18565. . : 
ae 16445.2 10856.6 18288.3 17550.4 12263.0 
10959.3 19101.7 13069.9 11926.7 17787.5 aes 
igeso'6 16398.8 10461.9 16980.0 (3082.0 [eames 
cei. is450.6 1940.8 122030  1S20R,9 Ve 

; 9.0 7763.6 14932.8 9703.5 16538. 
13429 .9 1634 707.4 18877.2 18807.7 

714.6 13325.7 20707. 
4977.2 2 11.~—s« 1385.1 18366.7 16957.7 
18702.3 13802.2 14342. Pe. eee ere 
18417.6  20136.8 16428. Bee 17736.0 18213.3 
17138.8 Wee Pt ae 12993.4 18012.1 18582.2 
1741166 © 17731.7  16300-0 4759.5 :19003.1 103 16.0 
|e re ates 6 «17808. «= 14722.4 «© 1288 
11885.8 15513. 
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Table A1.2 Myofibrillar Area on Micrographs (mm?) 
NEONATES 7 DAYS {4 DAYS 18 DAYS 21 DAYS ADULT 
4328.6 4901.0 4794.4 5254.3 7444.2 97'S. 4 
S360 .3 4171.2 3706.6 4762.5 9853.4 867.3 
6349.3 4007.1 S613.2 7661.3 6069.2 6325.0 
223.6 8055.4 6626.3 FAS 5 978059 
6100.7 #0425 1450.5 8875.0 12198.9 
£053.8 4905.2 3045.5 1G6M2L2 17457.0 
8038.9 2650.0 6691.7 6363.46 VOR? 21 eS 
6963.4 S65d.2 4694.9 6792.5 10857.3 
8092.8 ai) 8 X72 5724.8 4830.8 10056.8 
4532.4 5816.9 5869.5 8692.8 5809.4 19226.8 
5945.1 6353.8 4332.5 7284.5 5o71.6 1-O9e, 2 
7023.9 5659.4 3280.6 46a 7 Ob 24.3 11004.9 
GIS5.% S3n8.6 6973.2 8289.9 5406.3 7643.7 
4923.3 6545.4 5077.2 4962.1 7650.8 19109243 
2396.1 7544.4 4572 5677.8 776446 12538.9 
5926.5 6713.4 4927.2 4455.5 9136.8 
7714.4 4689.8 7609.2 5484.8 7680.0 
6798.7 7454.2 7039.3 5429.0 9583.9 
5608.5 6039.6 8501.3 14693.8 10217.0 
5051.7 5483.6 6462.4 4630.7 10455.0 
7998.9 6235.3 6936.0 6235.7 8136.0 
4408.8 2761.4 6179.6 7138255 4601.9 11044. 1 
5688.8 9924.0 492.5 6125.5 6739.7 9103.6 
7462.2 5844.6 1 4539.4 4229.7  10845.9 
4388.4  10463.9 9 9236.7 7529.4  10952.0 
8730.6 8168.0 we 4959.0 7418.9 11285.8 
4609.8 3124.6 2 6840.6 6207.4 18160.8 
4416.4 4422.3 .% 8034.2 5909.6 9166.6 
4283.5 5498.2 3 5612.4 5942.4 10584.2 
5996.9 5400.6 <a 6185.3 S0sga-e6 8792.3 
3764.1 S497 .2 2 4650.4 10765.8 11364.6 
8544, 1 5587.8 bee 4661.0 8736.0 9882.3 
C247. 4 4308.4 24 5201.8 9982.0 7407.8 
6280.5 6660.2 me: 5932.8 10266.4 10190536 
one 6355.3 . 4137.0 6478.0 1352.2 
eons sont.2 "9 3666.3 7391.0 11566.5 
le eas 6 7365.4 10862.6 9933.0 
ane mei ie 2 5569.6 7298.7 10133.3 
3889.3 6055.5 3 6551.9 OOS er Sie ee 
4851.8 4434.1 5 3024.0 6888.4 5599.4 
5947.1 5229.2 25 5107.8 6957.0 10539.6 
Sees Aga 9 4866.3 8334.8 9035.8 
: ee "3 3555.1 9870.4 8510.4 
6660.4 5221.1 “ Sao: SERRE 140DGeb 
es hee . 6724.0 9090.4  10027.2 
4728.0 7560.7 : 1026.6 3681.5 9057.0 
6284.0 ee 3297.3 8315.2 7740.0 
4866.8 : 
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Table A1l.2 continued 
NEONATES 7 DAYS 14 DAYS 18 DAYS 21 Days ADULT 
6364.9 5667.1 640.9 3755.9 5540.8 8856.9 
5238.8 4707.0 136.9 5141.6 7652.4 6327.9 
3067.1 3444.8 100.9 6357.3 7652.7 7686.8 
5104.2 6447.3 827.0 6284.9 9265.5 10278.4 
3485.4 2672.9 | 2385.6 8919.9 9299.6 
4215.7 5924.0 : 3390.4 73204 10290.8 
6606.8 6299.7 7 2853.8 8639.8 9875.2 
5710.9 4652.9 8 7063.7 4460.6 10482.4 
7943.6 5540.4 2 8524.2 10776.5 11948.6 
6288.1 4481.0 a 5912.8 4711.9 6760.7 
4922.9 4095.1 * 11314.7 7494.2 9529.0 
3448.3 5437.0 : 5499.7 6887.5 7715.9 
4399.6 4386.3 5800. 11648.7 5300.1 7226.2 
5127.5 5790.1 6609.9 10023.2 9424.7 9482.7 
8463.1 4319.6 6227.1 6517.0 9958.6 9920.8 
5940.3 4332.0 5815.9 9034.1 8147.7 6730.3 
4652.6 9458.6 5564.6 10355.9 9515.1 10138.8 
2986.9 3894.2 7863.9 7425.2 4958.5 7993.7 
7753.0 6089.2 4023.3 6170.8 6450.5 92801. 
6564.6 9129.2 3559.5 4737.6 8684.6  11556.1 
4968.8 5483.4 6171.9 83402 7541.7 8481.0 
3758.4 5179.8 9048.4 5139.1 6815.1 9449.7 
4374.4 7083 1 3539.6 3074.0 7358.1 9108.4 
4762.1 6898.8 7093.9 1369.4 9416.0 7048.9 
6890.7 4195.2 8348.6 7308.5 12196.6  l0ceat 
4950.0 5549.5 5801.9 8603.2 8523.6 neo Ae 
6608.4 4£425..5 5497.9 6523.4 8175.5 10640).2 
6451.8 6314.0 5381.6 5802.0 11128.0 7880.8 
6578.8 6157.4 4645.9 7371.5 7687.0 11024.5 
6730.9 6346.1 5238.4 4905.4 5660.6 7162.8 
een 3 Eomete 5495.8 5539.7 6636.8 10164%.4 
6017.8 8206.6 5902.2 9034.5 8053.8 9724.2 
ae Peete AS64 8 4666.6 6898.3 9369.8 
5218.2 7153.7 4512.0 7998.5 8110.7 11318.5 
“greLe 1467.6 5519.4 6990.7 8246.8 10984.7 
4015.8 8446.9 2736.8 4274.5 5345.9 8525.3 
sae Kigeo 4653.1 7316.4 8269.8 10443.5 
Beet ot A 1870.8 6801.1 7011.0 8216.2 
ae aaa 5351.3 5236.8 8332.2 7925.0 
8264.6 5858.2 6424.8 7225.5 6371.2 7344.3 
6896.2 8913.7 6342.4 6355.9 7720.8 8382.5 
964.7 3589.3 7520.4 4254.6 7852. 
4374.2 Doe ) 2.2 6185.4 5884.9 
2hhak 5069.2 9093. 

Saag ae ee 263.9 6211.9 7414.3 8341.7 
6399.7 6288.8 shea p 3 8579.7 9139.8 
6534.5 6386. 

8113.6 B56 329 4 5825.3 9645.3 11060.9 
6319.2 7290.1 6896.4 a eae icone 
5676.7 ee ef 5709.8 8874.8 7619.1 
ee ere ee 9157.5 6072.9 7552.5 

4485.8 4520. 
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Table A1l.3 Volume Density of Myofibrils (%cell volume) 


NEONATES 
27.4 
oe. 
41.8 
30.5 
S655 
41.7 
Zoe 
40.4 
S1.6 
oo <a) 
395 
S242 
49.7 
31e3 
18.0 
See? 
S364 
3636 
3233 
220 
44.3 
so00 
30.5 
Be ries, 
st.s 
44.8 
26.0 
25...5 
26.8 
S202 
26.4 
48.7 
16-26 
3.554 
2350 
Do.0 
of oth 
S00 
3056 
24.2 
S072 
She Q 
BS 
43.3 
36.8 
535.0 
S009 
S252 
38.4 
Bae 


} A 
1 fi 
i 4 


O46 


ae 
~ 

S 6 
Gof 


a 


fp & 
fem AN 


Pate tate 
OV &W 


oo AD 
=} 


J 

cae 
2 a e s 
iO @O~JI N 


H 40 CO 


CF AO 


ies 

| 
e e e & e e @ ” e es tJ - 2 e o e 2 g 5 p 7 
aAOMEPDEPMODWNHAW | WOOUU SD FWIO TS = © 


Aw 
i 
OV 


i 
ite) 
e 


ww 
WO 


NS) 
\O 


OO ww) 

© (eS) 
e e e e @ e ry Py @ e S e e e e ° 
NONMOWAINWOWO DEH LWOPAOADNM —WONAATAWODUMMO—WAwWUHAWOTIWWOONW HP —- WN OI 


OO 
~ 
e e e ° 


178 


ADULT 
ol «5 
66.3 
Sas 
Io <0 


Sv! 


PIOUS ayand rs 2TAQ a! 
a a S.€ #,£4 
te Par: ¢.8% > 
6... £. 8 e.s2 
t .22 c.0> r.os- 
2.83 6.86. +ee 
2a a VE £.2$ 
1.3 >. GE T.a€ 
} GE 0.@€ 
ots o.F8 
a af ~ S,88 
3 £2 £.62 
La 4 ). ee 2.84 
2 6.°# 
30 a cE. at 
‘.¢22 + a.ft 
fe: 2.¢¢ 
se €,.02 
$a 5.32 
0g ‘f t.t2 
aa: LE 0.8% 
2% rz 8.¢2 
ou GE 2.36 
,Ua at 8.28 
ed dé GJ £E 
_e¢ LE £,&) 
82 «tz ret 
t.€6 }. Te t.te 
1.82 >. OF 7.28: 
6.80 cts t .BE 
P, at $38 $, at 
Ss vae 82 a.f& 
a. ¢2 g.8 B.ft 
Poe 2,82 #, ef: 
bbe +.$@ @, O£: 
:,. 83 §.08 » De!) 
&.2a 2.28 att 
&.22 &.0% , eS 
E22 €.€2 8.08 
v.22 ete 2.18» 
3,12 0.3 \ 8.887" 
$,30 8.0 £ eo 
2.vé ci os a 
£,08 BTS €.Rf) 
a2 2.58 sar 
E,Ge £. be @. ae 
5.88 €.8¢ 8, 
> ’ re ¢ ce $. i < 
e.7va $.S¢ a,.08 « 
2.02 e 8. ee 
£.o5 r, 0s €.0e%;: 


ie 


SAAS Oe how oAh 


*» @¢. 4 4 6 «& 


& 


. * 


om oe 


oe 


ee ae ee] 
os *- &® = *& © 


bebesis 


a fe 


- 


. 


Se40ct 


. 


a 


acon avsneGm 
+ a 4 
=~ 


~~ 
Faas 


2 


2.73 


178 


i413. Bontdnued 
Table Ai.3 continu ve ADULT 
1A HAVE 18 DAYS se o 7 ome 
7 DAYS i BE 6 34.4 43.2 5 
30.9 19.5 ape oe 0 96.5 4 see 
27.0 “pies 55.0 mee 38.5 Bre 
: 3 ene ss 44.0 2 
2047 31 4 indies 35.6 55: 
e 38 a 2632 2 
24.4 57.4 1316 ek 58.4 52.2 
sat 3782 ee 53.9 38.7 50.5 
1308 ps G28 Kee ae 45.7 
aah 29% 3 8.8 . 45.9 45.3 
: 3615 30.8 pg 38.0 9 
ae 38.1 oe ae 52.3 np 
aa 29.1 36.4 ph 60.5 62.1 
Pome SP ae: 3633 pee 47.6 54.2 
31. 27.0 340 oe 48.6 53.6 
52.0 34.5 34.2 ee 42.3 58.9 
35.9 48.7 13.5 mits pe 66.1 
31.8 39.6 3 hp 51.3 50.8 
19.9 39.7 on. 37.8 58.5 
44.3 51.3 3 cae 90.3 6942 
92.0 3052 56.6 eres 98.5 6133 
42.0 30.5 “ ca apy Ui 67 
31.4 45.1 53.9 61.8 0.7 
6 = 43.2 8 2 
Bik 5303 74 58 o4. B2e7 
2172 49,1 Ks 5 ee hel 51.6 
30.4 33.9 38.0 pee 92.7 62.4 
36.2 2135 3108 ote i 37.8 
44.5 30.4 A) oe ee 29 Z 553 
35.6 41.3 5g so 35.9 58.1 
34.7 3 5 9 oon 44.1 4.2 
5.13 149 7 S 
S652 2182 534 ae 42.2 65.0 
274i 46.8 6.8 ieee ae eae 
41.4 47.7 32.4 Me ae aa 
27.9 Zoe? 16.4 : “4 41.7 62.0 
38e5 bas Lee 39. 40.0 54.4 
45. 3208 3732 46.9 
320 B27 
2 23.4 44.9 9 3 
3153 S556 5620 8 42. 47.6 
: D5 « 46.4 43.8 
- “ . 50.4 39 0 W 
60.6 5789 wae. : 49. 
: te 43.9 40.4 5 
: ; 40.4 45.9 7 
3220 53 Z 36.7 0 id 60. 
40.2 45.6 39.8 ae ses 5 Iau 
34.2 42.6 41.6 “0 a. 73.9 
1 ® = 40. 46.7 6170 
44, 40.9 8.4 5 
3 48. A132 
3659 8.2 a4 4 
3 30 oF 
S722 29%s| 
3737 


ere 


ve eA 
eblinves <igsh-d a 
TULA 2740 (S erAG SI 2fAC 
‘td Tite $86 => 52 2 
6 £58 1, be ~ a Fate 
¢ .¢ 2. 3f [08 * Ms ?. oe! 
a, he Set? 6.~ th s oF 
38 ?.a@ a 2,25 a CBE 
ne 2. ae T ee Li a 
v2 as 2.8 | meet . 
tae °,9¢ 3.80 Se 
ia +. 32 ES e.té bee 
+; 5% “=, 63 Ua. | 
2 00 2.%2 2.0€ 
: ee r.ts ! 
=. 5. Bt ?, 4é ff 
c.38 5.02 2. 
= .62 t.a6 0 
. a, ts 2.£b =. 
4.8% #. 0c mo 
= | o.6€ a. 
0,28 ¢.St oar, $- 
i) te aes £ 
S. 52% 0.25 £ 
?. £, te @,2¢ é. 
°,@< a 8.38 7. 
’.i2d ¢ ee : ‘ 
\e< 2.13 - 
e 5,32 — = ¥ 
£e a 
é.1¢ c.e 
+62 '. te 
$.42 +,4¢ 
6.%é £.€% 
$ ee e.a& 
|, 82 i, es 
.b¢ $.88 
0.é¢ ara 
&..5¢ | £2 
&. a6 &, 3€ 
©.0e2 one | 
0.50 7,98 
ih. FE 48 
Tez bee 
ots & 58 
ate 8.2t 
34S? 0 a8 
a tO 
.4¢ At 
..Ue b'..b2 
Aste an 
2,49 Tae 
0.13 c.4% 


180 


(um) ADULT 
ters 11 
Ll Diame 1 DAYS cary. 
a a: 4 Ss ; 
Cig ars: iis 6.78 
7 DAYS mee 2.60 hee 7.08 
TES Sone 3 66 3.13 ate 8.82 
os 2.3 ope 3.41 peed 8.17 
e201 ids 68 4.09 se 7.06 
62 i 83 3.76 12 So 
a 3.45 nie 3,54 pa 6.89 
spe 3.47 pet 3.83 4 i 7.97 
ape 3.35 bd git 5.69 ) 66 8.61 
St 2 3G & 6a See 8.40 
ane 3. G7 4.37 ae 6 28 
3139 3.05 4.68 a 6.60 
235 3.62 4.70 Sia 6.84 
oye 3.18 | 4.24 ret 6.57 
Zee 4.09 2.93 3.30 28 8.50 
Es 3.31 3.60 3.87 Gee 6.78 
ee 2.72 pate 4,22 apes 5.88 
me 2 Se se 
; as 573 5.0 "05 é 
oe 3.76 326 4.32 Bae 7.19 
im: x ee eae 
3.5 3°99 3s 3 14, 
oe 3123 a 3144 Hee 6.16 
ren 4.03 mb ob 3.90 515 7 s, 
meee gee B Le: hee 4.74 6 _ 
= aN aD bt 3.17 age 4.04 he 
5 ee beer 3.06 bee 3.45 : 86 
2. 3 Se) As. 3 1 
ae oS oes 
Be3T 3.31 ne 4.34 gee aos 
ROT mae 4 an at: ae 7 2 
3.55 59 tee 3.88 2 6.7 
2.56 Be 4.( 4.58 none 8.26 
Pate 298 aye 4.32 ae 7.17 
3.61 a 8 5.18 51 De 0 Gi. 97 
2.4 4,93 +3 G26 33 
2.94 97 sep 4.18 39 6. 
11 abe 3 36 37 4, 6.73 
Be 2 59 17 5. B20 23 
Bee 3.62 ah 4.45 4.66 ave 
3.21 78 pee 3.64 4.30 B06 
Eee 2198 ae a 4.15 — 
Sh os 26 ee 3.4 Ge 5. 
ge 32 ae 8 EG 
3. 96 "hI 3%: 9 or 
1 2. 3.4 53 3. he 
ae 2.80 48 bar 4,34 
388 ate 3.61 er ae 
3. .49 i 0 4, 
3.58 Se ee 3.99 
3.88 3.55 et 
Show Say 4. 
eae >. 5 
Bik 
¥i 
72 


Oot 


TIVCA 
fre 
se. 
oa.@ 
3 
ey. 
PO.8 
ar. ¢ 
8.8 
rr.s 
ov. 
.o 
PA -# 
te. * 
a. A 
} 

hd 
ae 
i 
Je. 
ew 
oe 
a 

| 

’ -— 


4S © 


.£., 5 
oY 
‘ 


& 

oO 
— + = © = * * & 
ty -9 Gy @~ rs 


x 
(> 
SAHQvweaaeawAmwme Awa & 


2fag is 


ety 


oe .£. 


st.t > 
08.S ~ 


(itty) riesenait i | 
evad Gi 


~“< 


181 


able Ai.4 continued 


NEONATES 7 DAYS ids Seine ? 
4.25 2.78 - a eaee eee tone ADULT 
4.41 3 pays aor 4.56 7.16 

nae 292 3.64 
5.08 3.68 9 91 : 3.69 7260 
2.69 2.56 08 ite 4.83 7.00 
3.47 2674 ths BOS 3.05 7.01 
2.49 2.44 ace ears 4.30 7.95 
2.99 3.03 cies ee 3.16 7.45 
2.91 3.01 a ae it 3.69 9.89 
3.19 4.42 172 bso oa 10.33 
4.06 Hey: i a 0.67 362] 7433 

36 06 441 yee 
2415 2366 ne Sok 8.93 

; 5 4.01 464 
4.36 3.42 08 ~ ‘ 7.70 
2.89 3.98 53 ei 3.11 5.50 
age 3390 93 4.32 3760 11.74 
3.76 B452 51 oe ee ee 
ee Ap 4254 3.20 3577 5.41 

E75 2882 3 rot 2 
Sas. Z oh 49 94.98 31,36 6.90 
3.90 3.06 4.12 4.60 3413 6253 
2.78 4.12 2.73 3.75 9.95 

2527 2.80 13 3.99 3.45 649 
2.43 4.07 3.02 3.46 3.69 he 
2646 2.78 3.06 4.80 3.88 7.4 
2.90 3.12 2.70 2.91 3086 ee 
3.00 2.91 4.42 5.29 3.82 8.63 
9946 2.57 3.23 3.03 4.31 6.72 
293 1 3.68 3.59 4.34 4.74 7.41 
2.78 4.11 3.77 5.03 3693 6.43 
3.40 3.71 4.02 3.01 3086 6.82 
3.02 2.20 4.44 3.13 4.34 7057 
2.77 4.02 4.40 5460 4.48 8.27 
3.04 2.84 3.00 3.61 4.59 6149 
3.28 3.90 a873 3.21 4.79 8.46 
2.78 4.08 3.63 3.80 3.74 6587 
3.04 4.54 3.33 4.69 A733 7437 
2869 2.65 3.33 S69 4.28 7.16 
4.17 3573 5.01 4955 4.89 7.16 
3626 4.43 3.43 4.06 4076 5635 
2.98 4.30 1.24 3.98 3495 6a56 
3463 2.78 4.54 559 3656 8.45 
3.97 4.17 3.87 1.96 4.32 9.04 
3.08 3.91 3.71 3.70 4.13 7.85 
2432 3.73 4.84 3857 135 7.03 
4.03 3.59 3.32 2.72 A450 6587 
3°56 3 35 2.74 3.84 3.78 6.08 
3 65 3159 3.91 4.47 4.22 5623 
3°63 3°63 3.80 3.96 4.52 7.24 
269 172 3456 4.65 653i 8.87 
2.63 3.50 2763 4214 4.90 7.36 
2.96 37922 2.70 4.28 3.93 16. 99999 
3.54 ni 0 3.76 3.90 4.81 7.39 


‘8! 


beagnianos & 
os fue 
SoodA svag. ts aad ai. 
at.? a2 6 43.6 .~ | 
fa,t ea.€ 139.0 s 
ow, ' eg .? ce. 4. a 
Pt 20 -£ 23,6 
ie. vt .8 x tT 
s.f a) ,.€ E£.¢ 
Ca .P Pa.€ rt .b 
Pe fh! 0,2 Ev.8 
fe. s.€ __. 04, 
F "Ob Head 
5 ba.4 ro.4 
62.2 et TT.E 
‘ dof se£.6 
,€ si .% 
r+ Luk OS .£ 
f i Ae #2,£ 
sf £ Tee 
, it 03.3 
ax .€ et .t 
EE ge,£ 
24.£ a6 2 
o8..€ oa.¢ 
ast 2.5 
coy 4 .6€ ese 
.o fe.a8 £Q.€ 
vw. 4 5) oP sf.% 
7. eet €0.a 
Pe) 73.8 ro.€ 
Te. 4 et .+ ET. 
7. oe. + 03a.¢ 
Ves e468 'o.£ 
i’ .2 vf 4s (s.t 
‘eed ee o4,£- 
ey fee 64.) 
art 9¢..8 ‘va,8 
p1.f 2a.5 22.6 
#2..2 $t.é 20,4 
Tal Q £e.£ 88 .£& 
£3.23 age | Tet 
6.2 rt.8 \ 8.6 
28.7 ct.? Ot 4e 
£9. cae vd.€ 
"8,6 U3,6 $ ss 
$0.2 Sve 69. 
gee sca Ta.4 
b5.% s2.8 ir 
ae fe.2 * 
Ge ee Ree 
ry .e! £2.€ 7) 
ee .f Ppa O8.£- 


NEONATES 


Table A1.5 Boundary Trace of Sarcolemma (mm) 


7 DAYS 
Ted. 7 
1045.2 
473.2 
1146.4 
1360.5 
953.6 
625.2 
892.6 
1678.8 
1055.4 
S6a,.9 
TORS .7 
“83 55 
S57 4 
13230 
344.7 


14 


Wh vec 
WAY S 


O71 & = 


com 


2 9 


IPOM. 


SI 
co 
Wl G1 OO — OT ~ 


=~] G) — 
D 


4 

ry 

Fy 
Ay 
LS 
e) 
t> 
i} 

SS | 

e 

e 

- 

2 

7 

4 

ei) 

& 

g 


} & oO 
PO OMo ewe 
OOP WN 
e 6 3 GS @ © 
Ow OI MW I~ D © 


Ct tad 


8 


21 DAYS 
682.6 
452.2 
826.8 
1030.56 
644.9 


182 


CFT 


C 


Ow 
seb 
-8X5 
Eto! 
.8t2 


co 67 


TAG tS 


Par 


&.545€ 
E.@v2 
|. See 
-. Ste 


£50) 


(mm) soma looped to bert praia 21a" 


Brag at 
eran 
e.fed-< 
8. Psst. 
BL arey 
€.88¢! 
|. 838 
a. 8st 
&,. £88 


Sy Vee 


By O40! 
5, Ste 
0.€6a 
S.fée 
$.a88¢ 
@., 200! 
c.tia 
Ee. 8e0} 
&.8i¢ 


NEONATES 
oP. 
2156 
O35). 


© oa) @ +) 


roo) 
or 
r= 
WOWWEPYUDVSE WIA DH NWDTBONNH=NOOHDYN = H-WWWDNDMWWWDNANWWSE 


= 
wo) 
> 
Ki 
n 


602. 


e e e e e ° e e e ee e @ e e. °@ °o e e ° e e e @ © e e e e e © e @ . ry e e ° e e e @ e ° 2 ° ° e e 
IIB OYUNWDDYEF MOR W AH UNTIYNDA-TUINOONWEUODSADANW=HFUOWUTHDOUOYTY Oe 4 


Tabie Aji 


Wh Ge OD," 
a 
12) 


awa ehh 
alesse 
aAOPWW 


GW G1LO 
nH Od MW 
9 ee 


a 
8 
#0 

6 

9 

7 

0 

5 
Py 
at 
we 
me 

1 
74 

4 

3 
#0 
6 
6 
+6 
av 
By: 
#9 
a0 


ch coneinued 


) 
an 
ite) 


= 
© 
© 
a 


e e e e e e e e ° ° e © e e e ° e e e e ° ° ° e e e « ° ry e e e ° e ° e ° ° ° ° ° Ey e 
AHOKDIOOCUHOUNEHUMDDMDMOYIUNUWE HAIN IYH|-OWTDWDOWBRHDHDODINKHUA=OWOWWO 


e 86 16) & 66) ee 6) 6 He. Oe Oe ase 6c 6 6666. ee Or US (Ue. SG US, CS ew CS 8 Ce 8 On Ge ce 6 es he ee Ole ee ee 
WUDEDWAIHDSIFWDPORMDWHEONKFUOWODUB A= MN HONOWOHWHANWHENODWHANHHNW 


183 


> 
s) 
G 
+. 
ry 


a 

(oe) 

as 
e e e e e e e e e e QO ° e e e e e e es e e e e e e e e e e e e e e e e e e e e 7 e e e e e e e e e 
Oo FNYYIMNDACUWUWWOWWDANNDAWUNOHDWIUTFWODWOHFDANUDNWHOOUWHOWOWOW 


osoct snes BFA) eke 


a 


ae = ae 7 ) OLED = 
* 4 


eTagd Bi avae #f 
2.80.2) Hee = 
t.o_ ao 
s.tte Re 
L. 92s 8,322 
,&Te Sex? 
|. bat ¢ Rt 
1.tSe &.0$S/ 
ease $.$ft 
ars 0.c4#8 
T. G86 3.¢30 
8.82! D.PSS 
0.f£5 2.308 
a.@6¢t €.€&l 
See +, 18¢ 
*,veor #867 
P.ecs 6. $501 
0.600f o, 8c} 
e.+$e2 £.ard! 
C.7te 6.80 
e. 8! 0,822 
o.8¢¢ 0,@3e 
r.OFS §.€88 
°.ted £.2€¢ 
ta! S.¢aT 
[+76 tts 
1,9E8 } 8, E87 
b, de) §.S€%° 
£.SS01 a.o8T 
2.06 r,'a¢ 
6.or¢ e,eqrT 
[.8071 T.Ca4t 
&.iie 0.T£e 
#.£808 T, 0201 
§.aee ¥.ee0! 
5. FRB 0,080 
$850! tilge 
cee Hyped 
- t * 
2. act 0.2fe 
o.ase 3.12 
?.£32 3. y iT 
a.foit o.eae “ 
G.108 “Py 
0.82?tT 


Table A1.6 Boundary Tr 


Toa em o~ 
iG UO 


NEONATES 
154.1 
74.4 
139'.5 
132.2 
3@ 52 
126.3 
130.6 
113.4 
48.8 
127.0 
56.0 
86.6 
187.4 
28:61 
223.2 
PS srs 
74.0 
oaee 
124.2 
139.6 
108.8 
Bho 


— 
& 
~j 
e 


00 ~] 

Oo oO 
e @ ° e e e © ° e e ° e e e 6 e e e 2 ° ° e ° ° e 
AOKROMUOHD“HOYNPWIANMOWDWDHDENSUMAIHDDOWOOKHL DT I-WwW- 


168. 


3 

oa G1 O 
= 
= 


C 
@ of 
ts 
a 
me: 
.8 


— < 
LAs YY 
9 @ & 
= a 


Cd 
LOH) 
e e ° e e © e ° s oe ° o ° ® 
DWWWOOWANAWANHNWC]|NHANON OT] NAW OIC 


— 
NO 
LoS) 
° 
Oo’ 


fe 


NO ND 
on \O 
\O ce 
° ® e ° ” e e ° @ se Ss s e s ° ° e e ° ° ° ° 
HOP A DOWEPWEHE KS —OCOWOPNMNWDADAN UN )1W HN OO 


21 DAYS 
216.9 
256.9 
304.2 
234.6 
295.9 

Goes 
USS 33 
360.0 
37i.0 


184 


f Caveolae and T-tubules (mm) 


ADULT 
3635 1 
188.9 
430.7 


ee) 


+o | a 
nr) relodye-?T the anata 16 remand 
PIOUA ayaa ie BYAG. BL vad et 7 
rts -.e'S A.tés Het a oF Ve 
@.0h1 ¢ oes c.0bt™. SOlQRP > £.8es 
r, O64 © 282 (886 “>. S6Gt 48.) 
bas 4. 2@8 8.°Se _ t ¥8e7: vert 
at e,ces.' _ S$, fas 6.82> -- 85a 
a. c3! E.e@2 $. 88s £. ear an 
e c.are 4.86 . 0. 
: A 0.62a Ras r.tst 0H. Fes 
4 2 ets 6 aes i‘ £.Of8 
¢ >. a! »,GEr 00? 
; 5. B68 08) a, *e! 0.381 
2. bat a,.ca¢ 2,98 a.seé$ 
°.fa7 5. 8e E<TSE #.¥% 
aces a. rel &. ect g. 421 
vas &é. abe d,2a, B,erT 
. 1% $0¢ &, Bat $. 38. 
+, er , 22¢ v,act 6.08T' 
|, Sas e.afe¢ Pp s@g: 2,88 
5. ae) 0, 8as E.#3! 8.OC1 
5.5% eas e.86 &,etr 
8s b. 26 #,335 0,83! 
OL ?, £08 >. 2c% £ OTE 8. £27. 
1, Bot &.89% 0. €£4 S.@ét 
a. 8e} res £,80¢ [. en 
ae 6,27 EST 68.) “OS 7 
re ake >, 78! 0.8S1 “€ 081 
he » ors £.aTS 7,88" ager 
bP i is 8.808, i. 0€t Ve 
Bae ees tr Tet 3.83 
ea #. 08s $. cor 5. ee 3,08: 
is eet 0.eb2 Pr ste. ei43 
3 \, a8! a, fos @.@at a, ses 
$s Bes r.sés O.°2s @, 08) ° 
a, 8% CGA 0.eet $.58 a.St! 
acs 6. cas £.30r 0.2€ O.$% 
Soa eee £.8Si $.8ar Tt 
e235 2,895 $.@8 3,08 0.a£f) 
©. Pes 0.28% +, SSF $,38¢ 1, #0t 
v. 674 r. bas a. eer 1.83 g.ORe 
+ S64 rte @.8as 0.a€ $.28 
B.2é! 0. €ES & .O8t e.&8 2. 6st 
&.¢¢$ ret 8.£8 3.85. * 7 
5. ant 0. aot &.aNs +42. 8,éT) 
8.02 O. 98% 8,305 S.S8r 2a 
6. 506 ». 284 a.tss 8.80" 0.3% 
¥.€St ce rte t, 8a 0,SE€F: t.¥e 
2.075 +. af 0.€¢€€ e. 7 r.@ 
$01 4.23 &.o@5. €; &.ta 
6.904 +. 08 ®,as2 et , 
8, 3T! 5. eet €.f&£.- &,tst e. 


NEONATES 


Table A1.6 continued 


4 fA ea XP Ce 
14 DAYS 


105. 


9 ¢9 
é o 2 


— ype 


- > o> ak 
On WO - 


IOwn 


e e s S e a e @ 
PN WA DNOANNWAWWWHANWHE OK GT STO 


18 DAYS 
244.6 
S22ere 
21032 
20392 
21687 
Z36% 
148. 
188% 
113% 
123% 
Tie 
106. 
1298 
1 ee 
265. 


(o>) 
© 
WW DUNN UTA HPWODTOHDEPUOHDDWMW—WAUIN OW OGIO OHO SW 


185 


est 


TITKIA eyed 1¢ 
2, td€ H.£Fs 
a.S€5 §. $05 
t és Me nt 2 
S.trs c.ate 
2’,\ae 206 = 
>.Te ah] 
a,e2 Toft 
r.teé ,. e265 
[.@' we bY 7 
e.tre ¢ eve 
5.286 0.82) 
a.&t ttct 
(Ges r,@ce 
+.25% erat 
etry mine 2 
2.y a.att 
4 et tt 
.,a¢ 4, $8! 
o« > BET 
: 2€ 5.38 
Pt Es 
| ),3a87 
: ee 
rd e,¢e3s 
tes boot 
2. bs $.085 
O.OS€ €.88s 
v.42c ok 
d.9e@t 0, s6€ 
2.86f 2, $@é 
S.2e &.7S 
>, ote 4.0€¢5 
© .e7s +. t2¢ 
BseS3 6,@0€ 
2, €0d¢ so 
$565 °.S3os 
4.83% ¢. fa 
e.tts 5.2ts 
T oCt 2, éts 
«@Ss 2.504% 
6. Qas é,0ef 
£.aet be. a8t 
2.€¢¢ &. 80% 
ester 3,@3f 
a. dt $. 68! 
2, O8F 1 SUE 
6.GES t Ste 
£, Ste ¢.aez 
6. &.88 
&. GO. 881 


NEONATES 
«150 
+ 120 
.158 
e222 
P2906 
e181 


202 


st7S 
at S2 


143 


186 


Table A1.7 Surface Density of Cav+T (um?/pum?2) 
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Table A1l.7 continued 
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Table A1.8 Boundary ‘7 


NEONATES 
FO.76 


7 DAYS 
22443 


14 


188 


we 


race of Peripheral Couplings (mm) 


DAYS 18 DAYS 21 DAYS ADULT 
31.52 4.38 89.95 74.86 
15.57 25.62 49.57 29,24 
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14.90 26.29 87.67 46.71 
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21.67 56.95 35.00 3 th. 32 
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5.33 8.90 47.48 20.24 
13.67 19,52 44.67 40.05 
11.81 2.05 59.00 10.62 
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21.90 1.62 22). 86 NG), GO 
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12.71 35.81 5.71 57.33 
5.05 46.05 31.10 0.0 
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25.86 55.00 40.90 OE 
11.95 32.43 8.33 21.62 
0.0 42.76 57.05 50.29 
9.43 28.76 18.52 18.52 
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Table A1.9 Surface Density 
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of Peripheral Couplings (um?/um?) 
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Table A1.10 Boundary Trace of Internal Couplings (mm) 


NEONATES 7 DAYS 14 DAYS 18 DAYS 21 DAYS ADULT 
0.0 0.0 0.0 0.0 10.24 14.62 
o..0 0.0 > 2 ° : 

: 2.33 6.24 0.0 0.0 
0.0 0.0 5.43 11070 0.0 12.05 
0.0 0.0 6.67 6.1 12.0 10 ui 
0.0 4ie 0.0 6.9 25.24 0.0 
0.0 4910 1.62 7.38 6.05 15.48 
0.0 0.0 5.19 23.19 9.76 0.0 
0.0 0.0 0.0 0.0 32.0 0.0 
0.0 o4¢ .19 15.67 10.67 11.81 
0.0 0.0 0.0 12.57 16.52 0.0 
G0 0.0 7.62 0.0 15.90 4.29 
0.0 eer: 5.62 6.0 12.48 0.0 
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0.0 2.95 0.0 8.10 0.0 10.76 
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0.0 5.00 0.0 7043 0.0 5.90 
0.0 9.29 0.0 5.57 14.05 0.0 
0.0 0.0 9,00 2.0 14.0 9.90 
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0.0 0.0 0.0 0.0 8.81 0.0 
0.0 0.0 8.62 10.48 16.52 25.10 
0.0 0.0 750 8.95 9.95 5.76 
0.0 0.0 0.0 15.19 6.33 23.62 
0.0 0.0 0.0 9.05 16.57 13.62 
0.0 0.0 6.10 10.14 14.38 0.0 
0.0 O20 0.0 2533 17028 21828 
0.0 0.0 3.67 21.48 U.38 a. 0a 
0.0 0.0 0.0 3.29 0.0 10.24 
0.0 GRO 8.38 1022 17010 0.0 
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0.0 0.0 3n24 6.38 030 12.52 
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0.0 0.0 0.0 16.57 19.43 16.81 
0.0 0.0 6.43 1.81 12.32 0.0 
0.0 7.48 0.0 0.0 2.86 6.38 
0.0 4.14 16.00 5.29 3.19 14.48 
03:0 OY .8 0 0 030 O30 0 0 
0.0 0.0 0.0 10.52 3043 19.29 
‘ 24.86 
0.0 @..6 3743 7.33 a. 
: 33 13.38 
0.0 0.0 0.0 a. 6 se 
0.0 0.0 0.0 10.29 0.0 14.43 
0.0 3.00 2.29 10.43 4.86 28.90 


PUG 
2.2 
ot 
f 
+ 
, 
j 
a 
4 
a. My 
} 4) 
' al 
a. er 
. r 4 ( 
ate! oe 
>) ee 
ex. U1 
oo : 
r= Ft _ 
: ee s 
rhaet 
=~) - 
s | a | 
%% & | 


* Ld 


wil >> Se 
? 
¢ 


" Rs lea 7 ; / 
spriigue? CanveInt a0 sos, yrsbavodl OF , 

i — é _ 
ne. 7 
€s 


STA 1s 


nO 


es) 


 } 
a Ae 7 a | 


: 


evagt- | 


193 


Table A1.10 continued 


NEONATES 7 DAYS 14 DAYS 18 DAYS 21 DAYS ADULT 
0.0 0.0 1.86 2.95 10.48 28.05 
0.0 0.0 3.90 7.24 10.05 11433 
0.0 0.0 9.05 0.0 12.14 7.81 
0.0 0.0 3.81 0.0 10.71 0.0 
0.0 0.0 0.0 6.71 10.90 0.0 
0.0 0.0 0.0 0.0 10.81 0.0 
0.0° 0.0 0.0 0.0 0.0 26.29 
0.0 0.0 0.0 21.52 6.00 10.00 
0.0 5.00 6.90 0.0 0.0 0.0 
0.0 0.0 0.0 8.57 10.86 11.76 
0.0 0.0 0.0 7.38 neo 0.0 
0.0 0.0 0.0 7.86 7.67 16.81 
0.0 0.0 3.14 0.0 11.52 10.00 
0.0 0.0 0.0 0 524 15.14 16.05 
0.0 0.0 D° 76 10.43 8.33 11.95 
0.0 0.0 0.0 7.67 14.52 0.0 
0.0 0.0 12.24 4.95 21.86 15.62 
0.0 0.0 9.10 12.62 0.0 0.0 
0.0 0.0 0.0 0.0 17.43 9.90 
0.0 0.0 3.43 0.0 16.76 9.62 
0.0 2.14 0.0 4.00 9.57 0.0 
0.0 0.0 oe 10.62 0.0 33.14 
0.0 0.0 0.0 4.19 3.19 9.95 
0.0 0.0 0.0 15.52 10.62 0.0 
0.0 0.0 0.0 5.81 0.0 19.67 
0.0 0.0 0.0 6.76 18.67 ie 6 
0.0 0.0 1.90 6.14 8.00 53.86 
0.0 0.0 3.24 0.0 18.00 15.43 
0.0 0.0 3.29 8.62 7.67 15.43 
0.0 0.0 0.0 9,00 19.33 11.14 
0.0 0.0 8.90 12.62 0.0 0.0 
0.0 0.0 10.52 14.62 8.48 20.95 
0.0 8.76 0.0 3.29 15.81 14.90 
0.0 7.81 0.0 0.0 0.0 10.33 
0.0 0.0 ge 19 0.0 7.29 h3. 62 
0.0 7.14 0.0 8.24 27.90 20.38 
0.0 0.0 0.0 5.90 (2.33 0.0 
0.0 0.0 0.48 0.0 3.81 23.38 
0.0 0.0 0.0 7.52 10.48 10.29 
0.0 0.0 0.0 4.14 23.14 9.71 
0.0 0.0 0.0 7.00 13.52 4.52 
0.0 0.0 0.0 13.38 8.62 14036 
0.0 0.0 0.0 0.0 0.0 10.43 

0.0 0.0 14.09 5.95 
ae oe? 0.0 16.14 18.33 0.0 
a on 0.0 0.0 0.0 20.00 
a 0.0 0.0 7.05 0.0 42.86 
a ; 3.19 0.0 16.10 20.05 
ve pt 524 14.76 0.0 25.90 
ar on 5.0 2.52 8.62 11.81 
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Tabl 
e Al.11 Surface Density of Internal Couplings (um?/um?) 


NEONATES 7 DAYS AYS 
ms ioe 1 DAYS 18 DAYS 21 DAYS ADULT 
an Mi 0.0 Neth g? acreekoetbat 

: 0.0 0.0046 ee 
8 46 0.0114 0.0 0.0 
0.0 0.0 0.0096 0.0087 0.0 0.014 

$ 0.0 0.0165 4 ee 
a ane 165 0.0046 0.0116 0.0162 
0.0 0.003 0.0 0.0054 0.0391 0.0 
0.0 +00 2 0.0015 0.0085 0.0161 0.0288 
0.0 0.0 0.0053 0.0206 0.0171 0.0 
0.0 0. 0.0 0.0 0.0323 0.0 
0.0 0 0.0025 0.0165 0.0122 0.0181 
0.0 0.0 Oe Cele 0.0199 0.0 
0.0 ; 40:2 0.0130 0.0 0.0205 sa) 0 00Ge 
0.0 012 0.0166 0.0088 0.0149 0.0 

0.0 MG 0.0 0.0 
0.0 0.0 0.0 0.0 0.0539 0.0 

j 0.0 0.0085 0.0077 0.0110 0.0 
0.0 0.0086 0.0 0.0131 0.0 0.0154 
0.0 0.0050 0.0 0.0 0.0157 0.0238 
0.0 0.0 0.0189 0.0077 0.0434 0.0 
0.0 0.0059 0.0 0.0080 0.0 0.0079 
0.0 0.0129 0.0 0.0052 0.0163 "0.0 
0.0 0.0 0.0064 0.0036 0. 01s eee Oo 02 60 
0.0 0.0 0.0 0.0 ont ae 0 dscs 
0.0 Gao) '0.0oui s a0-020s 0.0200 0.0 
0.0 0.0 Othe 000165 0.0336 0.0108 
0.0 0.0 0.0 0.0 0.0218 0.0 
0.0 0.0 0.0084 0.0132 0.0192 0.0923 
0.0 otey | oO apat se 6.0080 0.0176 0.0127 
0.0 0.0 ey 0.0115 0.0101 0.0298 
0.0 0.0 oth. 6.0121 0.0216 0.0110 
0.0 O05 - 0.0066. 2 0.0092 0.0301 0.0 
0.0 0.0 Oahs, 06,0093 0.0338 0.0298 
0.0 0.0. 0.0037... 0.0422 0.0190 0.0077 
0.0 0.0 ha. 0.0059 0.0 0.0270 
0.0 0.0 0.0071 0.0174 0.0162 0.0 
0.0 0.0 fee. 0.0219 ds G.ney0L03 tH 
0.0 in O.CUt ns 0.01ua eee oe 0seS 
0.0 0.0 0. se O.0ne2 0.02) steee 0 0675 
0.0 0.0 0.0060 0.0 0.0370 0.0234 
0.0 poe 2005s 0.0 0.0198 0.0226 
0.0 0.0 0.0 0.0184 0.0253 0.0200 
0.0 00” 0.007%. 0.0034 0.0161 0.0 
0.0 0.0098 0.0 0.0 0.0028 0.0118 
0.0 0.0 0.0 0.0074 0.0 0.0282 
0.0 0.0042 0.0148 0.0084 0.0052 0.0242 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 Otte 0.0te> 0.0102 0.0754 
0.0 0.0 0.0045 0.0079 0.0 0.0489 
0.0 0.0 0.0 0.0 Ou0S7 eves 010228 
ods 0.0 0.0 0. 0:17 6 Ou 0.0362 
0.0 0.0032 0.0028 0.0161 0.0120 0.1046 
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APPENDIX 2 


Example of the rankings for cell diameter and the 


application of the Kruskal-Wallis test. 
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Table A2.1 Rankings of Cell Diameter Values from Table A1l.4. 
21 DAYS 


NEONATES 7 DAYS 
103.5 91.0 
63.0 161.0 
107.0 23.0 
24.0 73.5 
168.0 421.0 
186.0 176.0 
29.0 184.0 
304.5 155.5 
94.5 138.5 
163.5 239.5 
6.0 98.0 
1228.5 225.0 
275.20 121.5 
15.5 339.0 
70.5 147.0 
94.5 36.5 
349.0 76.5 
267.5 124.5 
48.5 262.5 
20.0 76.5 
275.5 194.5 
229.0 180.0 
364.5 133.5 
282.0 327.0 
189.0 141.5 
27.5 42.5 
11.0 70.5 
7.5 161.0 
39.5 279.5 
202.0 147.0 
7.5 113.0 
359.5 214.0 
221.0 224.0 
13.5 81.0 
107.0 13.0 
7.5 313.0 
128.0 21.0 
320.5 225.0 
450.5 53.0 
194.5 81.0 
205.5 138.5 
168.0 31.5 
163.5 76.5 
288.0 58.0 
210.5 361.0 
288.0 189.0 
196.0 233.0 
138.5 202.0 
128.0 119.5 
3.43.0 117.0 


14 DAYS 
469.5 
408.5 
237.0 
483.5 
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304. 
250. 
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339. 
262. 
198. 
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440, 
443, 
369. 
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284. 
364. 
16%. 
469. 
384. 
396. 
262. 
180. 
174. 
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Table A2.1 continued 
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The sum of the rankings for the various postnatal ages 


was: 


neonate = 15473.5, 7 day 


17554.0, 14 day = 25302.5, 


18 day = 30807.0, 21 day $6315.25 adult. = 54047275; 
Using the Kruskal-Wallis formula to test for significant 


differences in average cell diameter. 


Pee ocNCUN +) 1) 2RP2/n7 = “SiN. + “?) = 12/600(601)) © (15473. 5" 
gi 554.07 + 25302.57. + 30807.07 + 36315.57 + 54647 257) 7100 
mens CG0:1!) ‘= 609.95. 


Mie ieousignitrcant at p<.01. Correcting for ties «wilt 


increase H. This increases the level of significance. 


Similarly H values were determined for the other parameters. 
The results of the tests are reported in Tables 1 - 3 and in 


Figure 38 and Figure 39. 
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